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Abstract 
The studies described in this thesis were undertaken to investigate the physiological, 
thermoregulatory and metabolic responses of humans to prolonged, intermittent, high 
intensity running when the external environmental conditions were hot as opposed to 
moderate. A further intention was to try and obtain a clearer understanding of why 
humans become exhausted when heat stress is imposed during exercise. 
The first experimental study investigated the responses of unacclimatized 8 female 
games players (GP) and 8 female endurance athletes (EA) performing prolonged, 
intermittent, high-intensity shuttle running in hot (30 *C [dry bulb temperature]) and 
moderate (16 *Q environmental conditions. Although the GP and EA did not respond 
differently in terms of distance completed, performance was 25 ±4% less (main effect 
trial, P<0.01) in the hot (HT) compared with the moderate trial (MT). Fifteen metre 
sprints took longer to complete in the heat (main effect trial, P<0.01), and sprint 
performance declined during the HT but not the NIT (interaction trial - time, P<0.0 1). 
A very high correlation was found between the rate of rise in rectal temperature (Trec) in 
the HT and the distance completed (GP: r=-0.94, P<0.01; EA[n=7]: r=-0.93, P< 
0.01). Although the metabolic responses of the GP and EA were different, the heat had 
a similar decremental effect on their performance. In both GP and EA there was a high 
correlation between the rate of rise in Trec and distance run in the HT, suggesting that an 
elevated body temperature was probably the key factor limiting performance of 
prolonged, intermittent, high-intensity running when the environmental conditions were 
hot. 
In the second experimental study 9 unacclimatized male games players consumed either 
flavoured water (FW), a solution containing carbohydrate-electrolytes (CE) or a 'taste- 
placebo' (P), during prolonged, intermittent, high-intensity shuttle running in 30 *C 
(dry bulb). There was a trial order effect, with distance run being -1400 m (n. s. ) and 
- 1600 m more (P < 0.05) in trials 2 (T2) and 3 (T3) respectively than in trial I (T 1). 
This. order effect was controlled for in the experimental design and subjects completed 
8634 -± 653 m, 7786 ± 741 and 7099 ± 647 m in the FW, P and CE trials respectively 
(P = 0.08). Sprint performance was not different between the trials but decreased over 
time (FW vs P vs CE: [Set 1] 2.41 ± 0.02 vs 2.39 ± 0.03 vs 2.39 ± 0.03 s; [End set) 
2.46 ± 0.03 vs 2.47 ± 0.03 vs 2.47 ± 0.02 s; main effect trial, n. s.; main effect time, P 
< 0.01; interaction, n. s. ). The rate of riýe in Trec was gi6afer in the CE trial (FW vs CE, 
P<0.05). The results suggest that when the rate ofris6in Trec is rapid, consuming a 
6.9 % carbohydrate-electrolyte solution, rather than water. or a taste placebo, has no 
performance or capacity benefits during intermittent, 'high-intensity, shuttle running in a 
hot environment. 
In the third experimental study 8 unacclimatized-.. m' ales performed prolonged, 
intennittent, high-intensity shuttld running in- hot-(HT) - [30 *C, dry bulb temperature] 
and moderate (MT) [ 15 'C] environmental conditions when consuming water ad libitum 
(F) or no water (NF). Distance run was reduced by ---Il, . ,. 2ý and -35 % in the MT-NF, 
HT-F and HT-NF trials respectively (MT-F 11540 ± 360, MT-NF 11252 ± 372, HT-F 
8895 ± 858, HT-NF 7400 ±8 10, m; main effect trial, P<0.0 1, interaction trial - fluid, P<0.05). While the distance completed in the moderate conditions was -2 % less 
when water intake was restricted this decrement was not significant. Average 15 m 
sprint time was slower at the end of exercise in HT-NF than at the same point in time in 
all other trials (MT-F 2.57 ± 0.05, MT-NF 2.56 ± 0.05, HT-F 2.57 ± 0.04, HT-NF 
2.68 ± 0.06, s; interaction trial - fluid, P<0.05). Rectal temperature and heart rates 
were higher in the heat (main effect trial, P<0.01) and when water ingestion was 
restricted (main effect fluid, P<0.01). There was a very strong relationship between 
distance completed and rate of rise in Trec in the hot environmental conditions, but not 
in the moderate (HT-F r=-0.95, P<0.01; HT-NF r=-0.92, P<0.01; MT-F r=0.04, 
n. s.; MT-NF r=-0.18, n. s. ). These results suggest that exhaustion in the heat was 
associated with hyperthen-nia but the exact mechanism is not clear. In the heat small 
differences (1%) in the level of dehydration had significant effects on performance; 
when environmental conditions were moderate, the effects of the same losses appeared 
to be minimal. 
In the fourth and final experimental study 9 unacclimatized males performed prolonged, 
intermittent, high-intensity shuttle running in hot (HT) [33 *C, dry bulb temperature] 
and moderate (MT) [17 *C] environmental conditions. The hot trial was performed first 
followed, 14 days later, by the moderate trial. Subjects ran almost twice as far in the 
moderate trial as in the hot (HT 11216 ± 1411, MT 21644 ± 1629, in, P<0.01), and 
the decline in average 15m sprint performance was greater in the heat (HT 0.17 ± 0.05, 
MT 0.09 ± 0.03, s, P<0.05). Average heart rates, blood lactate and glucose, and 
plasma adrenaline and noradrenaline concentrations were greater in the HT (main effect 
trial, P<0.01), as were serum cortisol concentrations (main effect trial P<0.05, n=5). 
Muscle temperature was higher in the HT (HT end point vs same time point in MT, 
40.2 0.3 vs 39.3 ± 0.2, *C, P<0.01; HT end point vs MT end point, 40.2 ± 0.3 vs 
39.3 0.1, 'C, P<0.01). Peak torque during knee flexion and extension was not 
different pre- and post-exercise in the HT. Muscle glycogen utilization appeared to be 
greater in the heat (HT 193.2 ± 19.5, MT 143.8 ± 23.9 mmol. kg dry wt-1, P=0.055, 
n=8). In 7 out of the 8 subjects the increase in utilization was between 19 and just over 
200% greater in the HT. However, the glycogen remaining in the muscle at the end of 
exercise in the HT was higher than that seen at the actual end of exercise in the MT (HT 
207.4 ± 34.3, MT 126.5 ± 46.8 mmol. kg dry wt-1, P<0.01, n=8). Rectal temperature 
(Trec) was higher in the HT (HT end point vs same time point in MT, 39.60 ± 0.15 vs 
38.75 ± 0.10, OC, interaction trial-time, P<0.01), and there was a very strong 
relationship between rate of rise in Tree and distance completed in the HT (HT r=-0.90, 
P<0.01, MT r-0.76, P<0.05). These results support the idea that the earlier onset 
of exhaustion seen when exercising in hot environmental conditions may be associated 
with hyperthermia. However, the results also suggest that high muscle temperature may 
be involved in the exhaustion process. Nevertheless, while muscle glycogen utilization 
may be elevated by heat stress, low whole muscle glycogen concentrations would not 
seem to be the cause of the earlier exhaustion during exercise in the heat. 
The results from this thesis clearly show that performance of prolonged, intermittent, 
high-intensity shuttle running is reduced when the environmental conditions are hot. 
While the mechanism responsible for this reduction is yet to be precisely established 
elevated body temperature, relatively rapid increases in body temperature, or high 
muscle temperature seem to be crucial factors in the exhaustion seen. 
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The species Homo sapiens is homeothermic. The latter terrn is derived from two words 
of Greek origin: homos meaning like (or homoios meaning similar), and thermic from 
the word thermE implying hot (Schmidt-Nielsen, 1997)! What the terrn recognizes, as 
its origins would suggest, is that humans (like other mammals and birds) possess the 
ability to maintain their body temperature (or certainly their deep body temperature) at a 
relatively stable level (-37 'Q over a wide range of external environmental conditions. 
Strictly speaking one should say humans are endothermic homeotherms (Ruben, 
1995). That is, they achieve this stability by endogenous heat generation at suitably 
high rates (Ruben, 1995). 
An initial analysis of the above comments might lead one to suppose that humans can 
function in whatever activity independently of the environmental conditions in which 
they find themselves: this assumption would be incorrect. Fig. 1.1 shows a picture of 
Jim Peters entering the stadium at the end of the British Empire and Commonwealth 
Games marathon race on the 7th August 1954. Six weeks prior to the events indicated 
by this photograph Peters ran the AAA marathon in a then world best 2: 17: 39 
(Noakes, 199 1). Peters was the finest runner of the distance in his era and arguably the 
greatest marathon runner of all time (Noakes, 1991). Yet, even though Peters entered 
the stadium for the final lap of the 1954 event at least 15 minutes ahead of his nearest 
rivals (sufficient time to WALK a mile at a reasonable speed), he was unable to finish 
the race. What could prevent such a brilliant athlete from completing the task genetics 
would seem to have designed him for? Stated simply, the problem was hyperthern-ýa 
and dehydration. The race itself was run in hot oppressive conditions (Pardivala, 
1984), there were few refreshment stations, and Peters would have maintained a quick 
pace as he did not believe hot environmental conditions prevented fast marathon times 
(Noakes, 1991). He would have drunk little if anything during the race, yet he would 
have been generating large amounts of heat because of the exercise intensity he was 
maintaining. Thus, he would have needed to sweat copiously as this would have been 
I Despite its general use and a general understanding of what is meant by homeothermic, it is regarded as an 
imprecise term in the sense that many poikilothermic animals manage to maintain a relatively stable body 
temperature, while many hibernating mammals, for example, allow their body temperatures to drop to near 0 
*C (Withers, 1992; Schmidt-Nielsen, 1997). Even the use of terms such as endothermic (internal body 
temperature maintained by metabolic heat production) and ectothermic (external heat sources such as the sun 
used for body temperature maintenance), in addition to those above, do not necessarily increase precision 
(Withers, 1992; Schmidt-Nielsen, 1997). The key is to indicate accurately what is meant by the term and in 
what context. 
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his main avenue of heat loss and the predominant, if not the only means open to his 
body to try and maintain a thermal equilibrium. Peters actually staggered and wobbled 
into the stadium, and was clearly mentally disorientated. He fell to the track a number 
of times and even crawled on all fours toward the line he would not manage to reach 
(Keeling and Peters, 1983; Pardivala, 1984). After the race Peters' rectal temperature 
was reportedly 42.7 *C (Noakes, 1991). Clearly he was suffering from dehydration 
and heatstroke, his body unable to cope with the strain induced by the severity of the 
exercise and the conditions in which that exercise took place. 
Fig. 1.1. Jim Peters attempts to complete the 1954 British Empire and 
Commonwealth Games marathon despite suffering from dehydration and 
heatstroke. [Noakes, 1991, p. 651] 
Such events, where humans are unable to maintain thermal balance and deep body 
temperature reaches critically high levels, are far from uncommon. McArdle and 
colleagues (1991) noted that between 1960 and 1983 seventy American football players 
died as a result of excessive heat stress. * From as far back in time as the Crusades, 
through World Wars and military training, to industrial environments and unexpected 
heat waves, it has been noted that unacclimatized individuals, exposed to hot 
environmental conditions, can die from heat stroke (Leithead and Lind, 1964). 
ý Hot environmental conditions exert a stress and this is typically referred to as heat STRESS. However, in 
many respects the key issue is the physiological MAIN that an individual exposed to a heat stress 
experiences (Leithead and Lind, 1964; Rowell, 1986). It is not always clear which terminology to use and, as 
in the case discussed in the previous footnote, precise definition is difficult, This issue will be referred to 
again in Chapter A 
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The evidence showing that there is a limit to the ability of humans to maintain a stable 
body temperature is notjust anecdotal. A number of experimental studies have shown, 
during prolonged submaximal exercise, that the time to exhaustion was significantly 
shorter when subjects exercised in hot environmental conditions than when the same 
exercise was performed in more moderate or cool conditions (Suzuki, 1980; Galloway 
and Maughan, 1997; Parkin et al., 1999). ý Also, these and a number of other studies 
have shown that the strain on the body (in terms of measured variables such as heart 
rate, rectal temperature, blood lactate concentration, muscle temperature and muscle 
glycogen utilization) was substantially greater when the external conditions were hot 
(Fink et al., 1975; Febbraio et al., 1994a, 1994b; Nielsen et al., 1990). 
Why there should be a limit to the ability of humans to maintain a stable deep body 
temperature during exercise in the heat will be discussed in detail in Chapter II, but the 
essential problem for humans exercising in hot environmental conditions is that heat is 
produced internally, but any excess must be dissipated to the external environment. 
Leithead and Lind (1964) noted that the fundamental factor in the development of heat 
disorders was excessive metabolic and environmental heat. During exercise the 
metabolic rate, and hence the heat generated, increases substantially (perhaps 15 fold 
and higher [Nadel, 1992]), but if the environmental conditions are hot, and especially if 
they are humid, the possible avenues for heat dissipation are limited. Consequently, the 
body will store the heat it cannot remove and the temperature within the abdominal 
cavity, which is the repository for the vital organs such as the liver, kidneys, heart and 
lungs, and that within the skull, which protects the brain, rises. If humans had some of 
the characteristics of the camel then elevations in deep body temperature might not pose 
such a problem. (The camel's size [500 kg] and thick fur coat, its ability to allow its 
body temperature to drop to 34 and rise to nearly 41 T, and its tolerance of 
dehydration, are factors which enhance the ability of the animal to store heat, reduce the 
heat gain from the environment, and limit the dependence of the animal on the 
evaporation of water for heat loss). However, 'humans are clearly not camels and 
actually live only a few degrees from their death point (Astrand and Rodahl, 1986). 
Therefore, if heat loss remains inadequate, deep body temperature will rise inexorably 
and, at best, will lead to performance curtailment, and at worst could be fatal. 
I Fortunately, none of these experimental studies indicate their subjects suffered any problems other than a 
curtailment in their physical abilities. Nevertheless, many subjects 'fatigue' with very high deep body 
temperatures. This raises interesting points about what is the mechanism for the curtailment, and why it is 
some individuals actually get heat stroke, and why some do not, and indeed precisely what the aetiology of 
the various heat stress induced ailments are. Heat stroke has even been seen in individuals in moderate 
conditions which would not seem to fit the expected scenario (Dawson, 1993; Sutton, 1993) These issues will 
be considered later in the thesis. 
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Many studies have investigated human responses to prolonged submaximal exercise in 
hot environmental conditions -a number have been noted above. However, many of 
the most popular sporting activities in the world, such as soccer, rugby and field 
hockey, involve exercise where the activity pattern is relatively prolonged, but involves 
bouts of walking and variable speed running and short repeated bursts of maximal 
sprinting (Williams, 1990). There is a dearth of investigative literature examining the 
impact of hot environmental conditions on performers involved in such games type 
activity. Yet, increasingly individuals are being required to play in such conditions. 
Hockey and soccer are Olympic sports and Atlanta, where the last games were held, 
had hot environmental conditions, as did the previous games in Barcelona where 
temperatures were 'unusually cool' (Verdaguer-Codina et al., 1993) but were still 30 - 
35 *C with relative humidities of 50 - 70 % (Nevill, 1994). In addition, in the 1994 
soccer World Cup the Republic of Ireland team were required to play a qualifying game 
against Mexico in temperatures in excess of 40 *C, and hockey players in the 1998 
Commonwealth Games held in Malaysia were exposed to hot and very humid 
conditions during competition. 
Certainly from an research perspective the need to assess the responses of humans 
playing the 'multiple sprint sports' (Williams, 1990) in hot environmental conditions is 
clear. However, such research may also help individuals to know how best to protect 
themselves and reduce the potential risks associated with intense games type exercise in 
hot environmental conditions, as it is obvious that commercial considerations play an 
ever increasing part in the choice of tournament location, which means inevitably that 
games will be played in less than ideal conditions (Shephard, 1988). 
Therefore, the studies described in this thesis were undertaken to investigate the 
physiological, thermoregulatory and metabolic responses of humans to prolonged, 
intermittent, high intensity running when the external environmental conditions were 
hot as opposed to moderate. A further intention was to try and obtain a clearer 
understanding of the mechanisms associated with exhaustion when heat stress is 
imposed during exercise. 
The thesis is presented in 7 main Chapters: 
Chapter II presents a review of literature examining the processes by which humans 
thermoregulate, and the physiological and metabolic consequences of exercising in 
hot environmental conditions. The potential causes of exhaustion during exercise 
under heat stress are also discussed. 
In Chapter III the general procedures, equipment and methods of analysis used 
during the experimental studies are presented. 
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" In Chapter IV the physiological and metabolic responses of female games and 
endurance athletes was examined during inten-nittent running in hot and moderate 
environmental conditions. 
" Chapter V investigated the effect of ingesting a drink containing glucose and 
sodium during intermittent running in hot environmental conditions. 
" The impact of hyperthermia and mild dehydration upon the capacity to perform 
intermittent running was assessed in Chapter VI, where subjects undertook four 
trials, and were given water or had their water intake restricted during exercise in 
hot and moderate environmental conditions. 
In Chapter V1I muscle biopsies were taken to examine the effect of hot 
environmental conditions on glycogen usage during intermittent running, and to see 
if elevated breakdown was implicated in the exhaustion process. In addition, 
muscle temperature and function at the end of exercise were also investigated. 
The final Chapter (VIII) draws together the findings from the experimental work 
and examines the possible mechanisms which might explain the earlier onset of 
exhaustion seen when exercising in hot environmental conditions. 
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2.1. Introduction 
Current thinking suggests that the first organic molecules on Earth formed cells, and 
hence the first forms of life, some 3,800 million years ago (Fortey, 1998). An amazing 
characteristic of these r primitive bacteria, and their more direct descendants, who can 
still be found on the ocean floor in volcanic vents and such, is that they need extreme 
heat to survive. And by extreme is meant temperatures in excess of 80 *C (Fortey, 
1998). If one accepts the evolutionary doctrine, human beings can also trace their 
origins to such single celled life forms. Obviously, there are a number of branches of 
the evolutionary tree and almost 4,000 million years between the modem human and 
these hyperthermophilic bacteria, but there are probably many athletes who will be 
required to exercise in hot environmental conditions who would dearly like the affinity 
for extreme heat that these single cell life forrns possess! 
However, all life is temperature-sensitive and these bacteria are no exception; if the 
external temperatures fall too low their existence is not sustainable (Fortey, 1998). 
Similarly, the body temperature of reptiles (ectothermic poikilotherms) is also basically 
a function of the external environmental conditions (Robinson, 1997). However, 
during the last 70 million years (Sutton, 1994) mammals and birds developed 
endothermic homeothermy, that is the ability to maintain a stable deep body 
temperature, over a wide range of ambient conditions, by use of aerobically supported 
endogenous heat generation and insulation, which prevents excessive heat loss (Ruben, 
1995). 
Precisely why this evolutionary adaptation developed is not certain, but it has been 
suggested that an increased ability to generate energy by aerobic sources, enabling a 
higher actvity level to be maintained, rather than enhanced then-noregulatory function, 
was the primary stimulus (Ruben, 1995). Nevertheless, regardless of its precise 
origins, endothermic homeothermy means that humans can function without distress in 
a wide range of environmental conditions. The extent of this thermal tolerance would 
seem to be amazing. For example, as long ago as 1775 the Secretary of the Royal 
Society, Dr Charles Blagden, showed that a man could stay in a room where the 
humidity was low, but the ambient temperature was 126 T, for 45 min without undue 
distress. Blagden took his dog into the room with him (in a basket to prevent his feet 
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from burning), ajar of water with a layer of oil on top (the water boiled after a period in 
the room) and he also cooked a steak- (Robinson and Richards, 1997). Murray (1966) 
also showed that a pulse (20 min) of exposure to intense heat of upto 150 *C was found 
"quite tolerable" (Murray, 1966, p. 1721) by human subjects. Only when the pulse was 
205 *C were tolerable limits reached. 
However, these extreme examples, while factual, may give an incorrect impression. 
Blagden's tolerance was a function of his resting state, a prodigious sweat rate and the 
dry climate. If he were to exercise, or try and stay in the room while deprived of water 
for any length of time, he would become hyperthermic or dehydrate or both, and if 
exposure continued, death would ultimately ensue. The reasons for this will be 
discussed in detail later but the importance of the dry climate, in which sweat can 
evaporate, was shown by the fact that when Blagden actually put water on the floor of 
the room he, and the dog, had to removed rapidly from the environment. In addition, 
Blagden just sat in the room, therefore his rate of internal heat generation would have 
been substantially less than that of an athlete exercising at a high intensity. In such an 
individual, if the environmental conditions in which the exercise took place were also 
hot (30 - 35 'Q, and relative humidity was high, heat balance would not be possible 
and the rise in body temperature would be inexorable. Yet this is the situation often 
faced by athletes competing in hot environmental conditions. 
The review which follows will investigate how humans maintain their deep body 
temperature, and the consequences and physiological adjustments made by the body 
when the heat stress becomes so great that heat balance is impaired and the strain 
experienced by the body reaches intolerable levels. The suggested reasons for why 
people become exhausted in the heat will also be analysed. This review will focus on 
the responses the human body makes to an elevated deep body temperature. Clearly, 
there are thermoregulatory mechanisms to compensate for falls in deep body 
temperature also, but these are not the concern of this thesis or this review. 
2.2. Terminology and Measurement Issues 
2.2.1. 'Stress' and 'Strain' 
In the discussion above the terms stress and strain were mentioned. A distinction was 
being made. The thermal environment in which an individual might find themselves and 
which could be represented by all the factors, climatic and non-climatic, which could 
produce heat gains in the body via convective or radiant sources, or limit or prevent heat 
dissipation (Leithead and Lind, 1964), is regarded as the heat stress. The impact of this 
7 
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thermal environment (or heat stress) upon the individual exposed to it, and the resulting 
physiological adjustments that may need to be made by a human body to survive when 
exposed to a particular set of conditions, is regarded as the heat strain. This is a 
distinction advocated by Dejours (1987) and it will be used throughout the rest of this 
document. It is useful to think in these terms as it prevents one from becoming 
obsessed simply with, for example, the external ambient environmental conditions. 
Sutton (1993,1994) has noted that runners can suffer heat-stroke when the external 
conditions are not extreme but their relative rate of exertion is high. It is the combination 
of air and radiant temperature, air movement and humidity, clothing and metabolic heat, 
and factors such as motivation, acclimatization and behaviour which define the heat 
stress (Parsons, 1993), but it is the physiological responses to these factors in a 
particular human body which defines the heat strain, and the consequent 
thermoregulatory status of a particular individual. 
2.2.2. Exhaustion or Fatigue 
Throughout this thesis the term 'exhaustion' will be used to describe the inability of 
individuals to continue to exercise. In the majority of cases in the experimental chapters 
which will be presented subsequently, the end of exercise in a particular trial was the 
point at which subjects chose not to continue. On occasion, because of Loughborough 
University Ethical Committee stipulations and / or concerns about the subject's 
condition, it was necessary to prevent a subject from exercising further. On these 
occasions activity was clearly ended at a point before a subject might have chosen to 
st9p exercising of their own free will. However, all but a handful of the subjects in the 
experimental studies described in the thesis were exhausted; where this was not so it 
will be stated. 
The use of the term 'fatigue' to describe the inability of individuals to continue to 
exercise will be avoided. This distinction has been chosen because, for example, during 
90 min of variable intensity exercise where 15 in maximal runs are repeated every 90 s, 
the speed at which subjects will be able to perform such sprints will decline. If one 
accepts Edwards' (1983) definition of fatigue, in which fatigue is defined as "the 
inability of a physiological process to continue functioning at a particular level and / or 
the inability of the total organism to maintain a predetermined exercise intensity. " 
[Edwards, 1983, p. 3], then subjects are clearly fatiguing as the duration of exercise 
increases. However, they have not actually chosen to stop performing the exercise. 
I 
I 
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2.2.3. Exercise Capacity or Performance 
A distinction will be made in the thesis between exercise capacity and exercise 
performance. Exercise capacity refers to the length of time or distance individuals can 
keep exercising at a set intensity, workload or percentage of maximal oxygen uptake 
Exercise performance refers to the time taken to complete a set task, such as a 10,000 m 
run. 
2.2.4. Rectal Temperature 
In the discussion above the term 'deep body temperature' was referred to. This is 
because conceptually it is possible to view the human body as composed of a 'core' 
(containing the vital organs of the abdominal cavity and the brain, which must be 
maintained at a temperature close to 37 *Q and a 'shell' (comprising the skin, 
subcutaneous tissue and digits, whose temperature can fluctuate to a greater degree). 
But, this dichotomy is crude, and exact definitions of the terms do not exist (Leithead 
and Lind, 1964). The idea of a 'body temperature' is actually a misnomer (Leithead and 
Lind, 1964), and in fact temperature varies over the whole of the body depending on 
the area being considered (Parsons, 1993). Nevertheless, the concept of a critical deep 
body temperature coinciding with the location of vital organs is a useful one, as 
maintenance of the key organs in the abdominal cavity and the skull at or near 37 *C is 
necessary, as a4 or 5 degree deviation either side of this value would, in most 
circumstances, present a medical concern and further deviation could result in death. In 
addition, the temperature of most of the vital organs in the head and trunk is within a 
few tenths of a degree of the temperature of the blood in the great blood vessels (Gisolfi 
and Wenger, 1984). 
The accurate evaluation of deep body temperature is essential to the investigation of 
human thermoregulatory function (Sawka and Wenger, 1988). There are perennial 
controversies regarding the measurement of body temperature, which can be assessed 
in a number of ways including via the tympanic membrane, the mouth, the rectum and 
the oesophagus, and it is not clear that any one site is more correct than any other (Stitt, 
1993). Each method inevitably has advantages and disadvantages, but provided these 
are recognised and noted, measurements are still of value. In the present study deep 
body temperature was gauged via a rectal thermometer. The influence of the external 
environmental conditions on rectal probe readings is minimal and they provide a 
representative measure of a large mass of deep body tissue. However, such an 
'average' may not be representative of brain temperature and rectal probes may be slow 
to respond to temperature changes. Rectal thermometers may also be affected by the 
9 
bl, 
Chapter II Review of Literature 
flow of 'hot' blood through the legs during exercise (Parsons, 1993). Nevertheless, 
measurements are uniform within the rectum at depths from 5- 27 cm (Sawka and 
Wenger, 1988), and the proper placement of the probe during the studies reported in 
this thesis was ensured by the placement of a bulb on the rectal probe, at a depth of 10 
cm, which then abutted the anal sphincter. 
2.3. Heat Generation in the Cell 
In order to function the human body carries out a myriad of processes. The sum of 
these processes can be defined as metabolism (Brooks et al., 1996). To provide the 
energy to fuel the actions of metabolism the body degrades substrates such as 
carbohydrates and fats (Nadel, 1988), in pathways composed of enzymatically 
catalysed steps, where controlled quantities of energy are liberated (Henriksson, 1992). 
Some of this energy is used to synthesize adenosine 5'-triphosphate (ATP [the cellular 
$energy currency', McArdle et al. (1991), p. 102]), but most of the energy liberated 
during fuel degradation is released as heat (Henriksson, 1992). [The mechanical 
efficiency of a human doing work, namely the ratio of work to metabolic heat 
generation, is at best 18 - 22 %, but is usually much less than this (Gagge and 
Gonzalez, 1996)]. Some note that this heat is a 'waste' product (Nadel, 1988). 
However, it is probably more realistic to think of it as an integral part of the 
thermoregulatory systems in homeothermic animals such as humans (Parsons, 1993). 
Of course, the heat produced during the various steps in a particular metabolic pathway 
also ensures that tight control of the pathway's function can be maintained. As long ago 
as 1780, Lavoisier and LaPlace suggested that the majority of the heat produced by a 
living animal was the result of the combination of organic substances with oxygen (op 
cit. Kleiber, 1975). It is now known that ultimately metabolism depends on biological 
oxidation and therefore measuring oxygen uptake allows the quantification of the rate of 
metabolism and of heat production (Brooks et al., 1996). 
Metabolic energy can be assessed by measuring the rate of oxygen uptake and by using 
the following equation (Eqn. 1) by Gagge and Gonzalez (1996): 
M= (0.23*[R]+0.77)*(5.873)(ý102)*(60 / AD) - (W. ff2 ) Eqn. 1 
where M represents the metabolic energy, R is the respiratory exchange ratio, 5.873 is a 
constant representing the energy equivalent of oxygen (in watts. h-'. I-', equivalent to 
21.14 0.1-1), ýr02 is the oxygen uptake and AD is the surface area of the human being 
studied (calculated using the equation of DuBois and DuBois (1916): AD : -- 
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0.202*MaO. 245*HO. 725, where AD is the DuBois surface area, Ma is the mass of the 
subject in kg and H is their height in in [op cit. Parsons, 1993, p. 101). [While the unit 
'watts. h-1.1-l' is used by Gagge and Gonzalez (1996), it is unusual, and not strictly 
scientifically correct, because it has two time elements, namely the watt (J. s-') and the 
hour]. 
However, the constant as presented above assumes the substrate being oxidised is 
carbohydrate alone, regardless of the R value, and it also appears that it is based on the 
calculations of Lusk (1924,1928, op cit. Peronnet and Massicotte, 1991) which seem 
to be outdated (Peronnet and Massicotte, 1991). At an R value of 0.83 (a realistic 
resting value [Gagge and Gonzalez, 1996]) the corrected constant should be 5.805, and 
at an R value of I it should be 6.028. (In the Gagge and Gonzalez (1996) equation 
(Eqn. 1) the energy equivalent of oxygen in 0.1-1 is 21.14, which is equivalent to 
5.872 watts. h-1.1-1 (21140 J/ 3600 s), and 21.14 U/4.186 U=5.050 kcal). 
According to Lusk (1924,1928, op cit. Peronnet and Massicotte, 199 1), the energy per 
litre of oxygen for an RQ /R of 1 is 5.047. Therefore, the constant in Eqn. I above 
would seem to need altering. According to Peronnet and Massicotte (199 1) the energy 
equivalent of oxygen in kJ. I-' of oxygen at an RQ /R of 0.83 is 20.897 [at standard 
temperature and pressure of a dry gas [STPD] (therefore the constant = 20897 / 3600 = 
5.805), and at I it is 21.700 (therefore the constant = 21700 / 3600 = 6.028), assuming 
I kcal equals 4.182 U (Peronnet and Massicotte, 1991) and not 4.186 (Astrand and 
Rodahl, 1986). [The RQ or respiratory quotient is the volume of carbon dioxide 
produced, divided by the volume of oxygen consumed, measured across a tissue. The 
R or RER (respiratory exchange ratio) is calculated in the same way, but is measured at 
the lungs, and so ascertaining what is actually happening at the tissue level from such 
calculations is dependent on a degree of inference. ]. 
Using Eqn. I (and the corrected constant value) it is possible to calculate that a 70 kg, 
1.74 m individual, with a resting oxygen uptake of 0.250 Lmin-', would generate 84 W 
of heat (assuming no external work was being done). At rest the majority of this heat 
(72 %) is being produced by the kidneys, heart, lungs, brain and splanchnic organs, 
which represent only 5 kg of tissue in a 65 kg man (Aschoff et al., 197 1, op cit. 
Schmidt-Nielsen, 1997). Skeletal muscle is the largest homogenous mass of tissue in 
the body (-40 % [Aschoff et al., 197 1, op cit. Schmidt-Nielsen, 1997]), but at rest its 
rate of heat production is low, amounting to 2.5 0 per hour per kg (Nadel, 1988), or 
-19 W (assuming a total of 28 kg of muscle in a 70 kg man). However, during heavy 
exercise this rate can increase 100 fold in the active musculature (perhaps 20 kg) 
[Nadel, 1988], although the overall metabolic rate and heat production will be 10 - 25 
times that at rest (Astrand and Rodahl, 1986; McArdle et al., 199 1). If the 70 kg, 1.74 
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m individual were able to run a2 hr 30 marathon their oxygen uptake would be 4 I. min' 
(Maughan, 1992) and the rate of heat generation would be 1447 W. 
If one assumes that the specific heat capacity of human tissue averages 0.83 cal g-'. *C-' 
(Schmidt-Nielsen, 1997) or 3.47 kJ. kg-l-'C-' (Werner, 1993), (it is an average as, for 
example, fat has a specific heat capacity of 0.5 cal g-'. 'C-' [Schmidt-Nielsen, 19971), 
then it is easy to see that if this runner had no means of heat dissipation, and they were 
only able to store heat, then their body temperature would rise by 0.36 T every minute. 
If one assumes a resting deep body temperature of 37 'C it would take less than 14 
minutes for such an individual to increase their deep body temperature to 42 'C and they 
would have covered less than 10 % of the marathon distance. Even in the resting 
individual if there were no means to balance heat gain with loss, a deep body 
temperature of 42 'C would be achieved in just under 4 h. That such temperatures are 
very rarely seen in humans, is testament to the effectiveness of the thermoregulatory 
mechanisms available to them to balance the heat content of their bodies, and indeed to 
thermally regulate each one of the cells of which they are composed, within relatively 
narrow boundaries. 
2.4. Endothermic Homeothermy 
2.4.1. Early Observations 
Analysis of the thermoregulatory capacities of humans actually began with the concept 
of body heat, and the observation that human beings were warm when alive but cold 
when dead (Cassell and Cassellman, 1990). The earliest recorded writings of the 
ancient civilisations of Mesopotamia and Egypt actually contain observations on the 
significance of heat in particular parts of the body. Later Greek scholars, while heavily 
influenced by the knowledge gathered by earlier civilisations, developed their own 
conceptual models to explain the complexities of nature and the observation of body 
heat in living animals. Aristotle believed that innate heat existed in the heart and was the 
source of life. This idea existed within a paradigm that explained the world in terms of 5 
elements (fire, air, earth, water and aether), four qualities (hot, cold, wet and dry) and 
four humours (blood, yellow bile, black bile and phlegm). While such ideas now seem 
like interesting metaphysical mumblings such concepts dominated biological and 
medical thought for well over a thousand years, and the Greek doctrine was used well 
into the seventeenth century by many leading physicians (Cassell and Cassellman, 
1990). However, the need to explain the observations of warmth associated with living 
animals did not produce empirical substantiation until the time of Lavoisier and Laplace 
(1780). It was not until the development of thermometry and its use in the eighteenth 
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century, that observations by Blagden and others clearly showed that body terneprature 
remained relatively stable even when the conditions surrounding the body were 
extreme. And it was not until the 1930s that Ranson and his colleagues clearly showed 
the regulatory role of the hypothalamus with respect to the maintenance of body 
temperature (Cassell and Cassellman, 1990). 
2.4.2. The Body Temperature Response during Exercise 
It is an old observation that during exercise deep body temperature is elevated above the 
level seen when an individual is at rest. However, it was thought that this was the result 
of the inability of the mechanisms of heat loss to keep pace with the gains occuring due 
to the increased exercise-induced metabolic heat load (Nielsen, 1970)". In 1939 Nielsen 
performed a series of experiments to investigate in more detail this perceived view. Fig. 
2.1 shows the results of an experiment where one subject cycled for 60 min at a work 
rate of 900 kpm. min" (147 W) over a wide range of amýient temperatures (5 - 36 *Q. 
What is clear from the figure is that despite the changing external conditions deep body 
temperature was maintained at a stable level during exercise and rest, but the 
temperature during exercise was greater than that during rest. 
5 
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Fig. 2.1. The rectal temperature of one subject during rest (the 
1 
open 
circles and triangles), and after 60 min of cycling at 900 kpm. min (147 
W), in environmental temperatures of 5- 36 T. [From Nielsen, 1970, based 
on original data from 19381. 
From Nielsen's work (1938), and from subsequent studies which confirmed his 
findings (Winslow and Gagge, 1941; Robinson et al., 1945; Wyndham et al., 1952; 
Lind, 1977), it was possible to observe that: as a result of continuous exercise deep 
body temperature would rise above resting levels to a new stable level within 60 min; 
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the new stable level and the time taken to reach stability were higher the greater the 
work rate; and deep body temperature was primarily related to work rate, and was 
largely independent of the external environmental conditions (Sutton, 1994). 
A possible interpretation of these data, and the example of Blagden (see section 2.1), is 
that humans can function independently of any environmental conditions in which they 
find themselves, but this is patently not the case (Sawka and Wenger, 1988). There are 
numerous anecdotal examples (some were mentioned in the Introduction, Chapter I) of 
medical emergencies and fatalities directly resulting from the inability of humans to 
maintain adequate control of their deep body temperature. Also, there are a number of 
experimental studies which clearly demonstrate the detrimental effect environmental 
stress can have on exercising humans (see section 2.5). 
"1 
Fie. 2.2. The rectal temperature response of one male subject during 60 
min of walking on a treadmill at 370 W (energy cost equivalent). ET, the 
Effective Temperature. [From Lind, 1977]. 
While confirming the observations of Nielsen (1938), Robinson et al. (1945), 
Wyndham et al. (1952) and Lind (1977) all found that there was a limit to the 
independence of the human thermoregulatory response from the influence of the 
surrounding environmental conditions. Fig. 2.2 shows a subject exercising at the same 
intensity (370 W energy cost equivalent) in 6 different environmental conditions (Lind, 
1977). When the effective temperature (an index combining dry bulb temperature, 
humidity and air movement [Sawka and Wenger, 1988]) was between 13.3 and 26.5 
*C the pattern of rectal temperature response was exactly as would be expected from the 
results seen in Fig 2.1. However, when the effective temperature reached 29.5 *C the 
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rectal temperature response increased, and was greater again when the external 
conditions rose to 31.5 T. 
From work such as this Lind (1977) suggested that the impact of environmental 
conditions on the tolerance of humans to hot climates'could be divided into 3 main 
categories: a 'Prescriptive Zone' where deep body temperature was a function of the 
metabolic rate, and men could work on a continuous basis with no hazard to health; a 
'Compensatory Zone' where thermal balance could be achieved, but was significantly 
influenced by the environmental conditions, and therefore continuous work was not 
possible; and an 'Intolerable Zone' where thermal balance was not possible and 
exposure had to be limited. 
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Fig. 2.3. The rectal temperature response of one male subject during 60 
min of walking on a treadmill at 230 (lower line/curve), 370 (middle 
line/curve) and 490 (upper line/curve) W (energy cost equivalent). ET, 
the Effective Temperature. [From Lind, 1977]. 
In Fig. 2.2 the subject still managed to achieve thermal balance by the end of the 60 min 
of exercise in the two hottest conditions. However, clearly the mechanisms responsible 
for heat loss are under a greater strain than at the lower temperatures, and implicitly 
such findings point to a limit to the compensation that can be made when exposed to a 
sufficiently severe heat stress. Fig. 2.3 emphasises that heat stress is influenced not just 
by the environmental conditions but by such factors as the metabolic load. As the work 
rate increases the prescriptive zone (the horizontal portions of the line / curves in Fig. 
2.3) diminishes. It is clear from the description of the Zones above that Lind (1977), 
and much of the other work, was stimulated by the need to protect and advise 
-15- 
bkl 
ChapterIl Review of Literature 
individuals in working environments, such as mining. However, the findings are 
equally relevant to the exercising human undertaking walking, cycling, running and all 
forms of sporting activity. 
Fig 2.4. The oesophageal temperature of a highly trained road cyclist 
after 2 hours of exercise at various intensities and in various ambient 
environmental conditions. [From Werner, 1993, original paper Kitzing et at., 
1972] 
In 1972 Kitzing and colleagues (op cit. Werner, 1993) measured the oesophageal 
temperatures of highly trained cyclists following 120 min of exercise at external power 
outputs ranging from 0 to 300 W in environmental conditions from -5 'C to +40 *C. 
The graphical results of their findings are presented in Fig. 2.4. It is of interest that 
while the responses are consistent with those noted above in terms of an increasing 
deep body temperature with increasing workload, the lines fitted through the data points 
do not have a clear horizontal component, as might be expected (although it was noted 
that oesophageal temperature had a low dependence on the ambient conditions over a 
range of about 10 *C [Wemer, 1993]). However, the diagram was obtained from a 
secondary source and so it is not possible to ascertain details such as whether fluid was 
ingested during exercise and if so how much. (As will be discussed in more detail later, 
particularly during the latter portion of a2h bout of exercise, responses such as rectal 
temperature and heart rate will be significantly elevated in proportion to the degree of 
fluid restriction [McConnell et al., 19971). These findings raise the possibility that as 
exercise becomes prolonged, and factors such as fluid loss become increasing 
influential, attempts by the body to maintain a thermal equilibrium at a certain power 
output may be compromised. Nevertheless, for the cyclists in Fig 2.4, over a range of 
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ambient conditions at a particular power output, the differences in deep body 
temperature were small. 
In the figures presented it is clear that in a particular individual, as the work rate is 
elevated so the temperature at which the body is maintained (as indicated by rectal or 
oesophageal temperature) is elevated also. However, when a number of individual 
results are considered there is considerable scatter when deep body temperature is 
plotted against work rate (Lind, 1977). 
In 1966 Saltin and Hermansen clarified the relationship and showed that the body 
temperature response was a function of relative, not absolute work load. Subjects 
cycled for 60 min in moderate ambient conditions (19 - 22 T, 45 - 65 % relative 
humidity [RH]) at three different exercise intensities (26,51 and 69 % of maximal 
oxygen uptake 1ý102max]). They found that, despite wide variations in V02max 
among subjects, when they exercised at the same percentage of that maximum - but at 
often widely varying work loads - oesophageal and rectal temperature responses were 
similar. 
2.4.3. Maintenance of Body Temperature 
An implicit part of thermoregulatory independence from the surrounding environment is 
the ability to generate large amounts of energy, and consequently heat, from aerobic 
based pathways. The heat production rates of reptiles are only 0.1 to 0.3 times that of 
mammals of the same size (Ruben, 1995; Robinson, 1997). However, as the 
calculations in section 3.2 make clear if humans did not have mechanisms to promote 
heat loss, as well as those concerned with heat production, the temperature of the deep 
body tissues would rise inexorably, and to lethal temperatures within a very short space 
of time, even at rest. In practice, internal temperature is not constant but is in a state of 
dynamic equilibrium where the body continually regulates it in response to continually 
changing circumstances (Parsons, 1993). 
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2.4.3.1. The Heat Balance Equation and Methods of Heat Exchange 
The need to balance heat gains with losses can be conveniently expressed in the 
following familiar 'heat balance equation': 
heat production heatlosses heat storage 
M-W ±R±C+E ± 
[where M= metabolic rate of the body, W= mechanical work done by the body, R= radiation, C 
convection, E= evaporation and S= storage] [Adapted from Stitt, 1993] 
In the human body it is a key point that any excess heat generated internally has to be 
dissipated at the body surface (Stitt, 1993). What is clear from the heat balance 
expression presented above is that the human body has three major avenues of heat 
exchange with the environment. There are in fact four, but conduction is usually 
considered to be of minimal importance in a standing individual in air (Shephard, 1988; 
Stitt, 1993), and therefore is not usually included in the above expression (Stitt, 1993; 
Gagge and Gonzalez, 1996). Of these four avenues, three are bi-directional, that is heat 
can be gained, as well as lost by conduction, convection and radiation (Sutton, 1994), 
depending on the thermal gradient between the body and the environment which 
surrounds it. It should be noted that reliance on these avenues of heat exchange is 
autonomic, yet the most powerful means of then-noregulation by far is behavioural 
(Sutton, 1994; Robinson and Richards, 1997), namely removing or adding clothing, or 
seeking shelter. 
Conduction is the transfer of energy or heat by the interaction of energetic particles with 
less energetic adjacent particles. Conduction can take place in solids, liquids or gases 
and is due to the collisions and diffusion of molecules during their random motion 
(Gengel, 1998). A small amount of heat continually moves by conduction directly 
through the deep tissues to the cooler surface (McArdle et al., 1991). Convection is the 
conduction of heat at the boundary layer of an object (for example the skin's surface) to 
the air or water moving past it (Stitt, 1993). The faster the fluid or gas movement the 
greater the convective heat transfer (Gengel, 1998). Consequently, air currents moving 
at 1.78 m. s-'/ 4 mph will be found twice as cooling as those moving at 0.44 m. s-' /I 
mph (McArdle et al., 199 1). Conduction and convection both rely on temperature 
gradients and therefore are only effective heat loss mechanisms when the environment 
is cooler then the body surface (Nadel, 1992). 
Radiation is the passage of heat from or to the skin's surface via the infrared portions of 
the electromagnetic energy spectrum from or to other radiant bodies. Radiant heat 
transfer is dependent upon the existence of thermal gradients between objects but is not 
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influenced by air temperature (Stitt, 1993). The transfer of energy by radiation is not 
dependent on an intervening medium such as air (Gengel, 1998). 
Evaporative heat loss occurs due to the latent heat of vaporization of water from the 
surface of the skin (Stitt, 1993). The rate of evaporation from the skin will be affected 
by the relative humidity of the surrounding air, or more correctly upon the water vapour 
pressure gradient (Kenney and Johnson, 1992). When humidity is high heat loss by 
evaporation is compromised. The latent heat of vaporization of water (or in chemistry 
terms, the standard molar enthalpy of water vaporization) is 2.5 J mg-' (Nadel, 1988; 
Robinson, 1997). This means that the total evaporation of 1 litre of sweat in an hour 
can remove 2500 U of heat (equivalent to a rate of 694 W, i. e. W is J. s-') from the 
surface of the skin in ideal conditions. (If one assumes the water is secreted onto the 
skin surface at a temperature not much greater than that of the skin then an additional 
quantity of heat will be removed by having to heat this water or sweat to the point just 
prior to vapourizatioý. The heat capacity of water is 4.18 kJ. kg-' (Gengel, 1998) and 
therefore the additional heat needed would be 251 U (4.18*-60 = 251 U or 70 W). 
The transfer of heat between the body core and the skin is proportional to the thermal 
gradient which exists between them (Young, 1990). At the skin surface when air 
temperature is low convection is the dominant component of heat loss and heat removal 
by evaporation is relatively low (Wemer, 1993). In contrast in hot environments, or 
during heavy exercise, evaporation becomes the dominant means of heat transfer 
(Brooks et al., 1996). However, in high air temperatures with accompanying high 
humidity, even highly trained and acclimatized individuals place themselves at risk of 
heat injury, and Nadel (1992) argues that excessive hyperthermia is inevitable during 
prolonged exercise on a hot, humid day. 
2.4.3.2. The Problem With Exercising in Hot Environmental Conditions: Some 
Calculations 
Using Eqn. I and the following equations (Eqn. 2,3 and 4) the amount of heat that can 
be lost (or gained in the case of convective and radiative means) can be calculated for 
the major avenues of heat exchange outlined above. 
Conduction = 8.3 * Vv * (Tsk - TO 
W. OC-I. M-2 Eqn. 2 
Radiation = 5.2 * (Tsk - Tmrt) W. oC-I. M-2 Eqn. 3 
Evaporation = 124 * . 1v * (Psk - Pa) W. kpa-I. M-2 Eqn. 4 
[From Nielsen, 1996] 
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If the examples presented in section 2.3 are considered then the 70 kg, 1.74 m 
individual will need to balance an internal heat load of 84 and 1447 W during rest and a 
150 min marathon respectively. If it is assumed that the ambient conditions are 15 *C, 
60 % RH, that the skin temperature is 33 *C, and the wind velocity is 4.69 m. s-1 
(equivalent to the running speed of a 150 minute marathon), it is possible to calculate 
that 599 W can be lost through the convective avenue of heat exchange, 173 W through 
the radiative, and 854 W through the evaporative (total 1626 W). Therefore, at rest the 
individual certainly has ample means to dissipate heat, and even when generating 1447 
W as a result of marathon running sufficient loss is possible. However, if conditions 
change such that the ambient conditions become 45 *C, 60 % RH, and the skin 
temperature becomes 37 *C, then heat will actually be gained from convective and 
radiative sources (266 and 77 W respectively). Although at rest the individual will still 
be able to attain heat balance by sweating, as the potential maximal evaporative loss will 
be 1471 W, during the marathon running the net heat gain will be 319 W ([1447 + 266 
+ 77] - 1471 = 319 W). Based on the calculations presented in section 2.3 this would 
mean a gain in body heat of 4.7 *C per hour. 
While the above analysis is necessarily simplified (a more comprehensive analysis of 
the source and quantification of human heat exchanges is considered by Mitchell 
(1977), Parsons (1993), Wemer (1993) and Gagge and Gonzalez (1996)) it does 
emphasize that as the ambient environmental conditions become hot, and the means of 
convective and radiative heat loss become less and less effective, and even become a 
source of heat gain, the human thermoregulatory system becomes increasingly and then 
exclusively dependent on the evaporation of sweat to dissipate heat. If this avenue of 
heat exchange is limited by high relative humidity then it clear that if behaviour is not 
adjusted elevations in body temperature are inevitable. What the calculations also make 
clear is that there is indeed a limit to the capacities of the human thermoregulatory 
system, even without factors such as dehydration being considered. 
2.4.4. The Physiological Control of Heat Transfer 
It should be clear from the above discussion that the human body trys, and in most 
circumstances is able, to maintain a stable deep body temperature. The structures and 
means by which heat gain is balanced by heat loss are described below. 
2.4.4.1. The Physical Components of the Thermoregulatory system 
Stitt (1993) suggests that the thermoregulatory system can be viewed as comprised of a 
neural controlling element acting upon a passive system. The passive system is 
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composed of all the physical parts of the body concerned with the generation, 
distribution and removal of heat. For example, passive factors such as body shape and 
size, the physiological capacity of the cardiovascular system, the heat transfer 
characteristics of tissues, and from the skin to the surrounding environment, all 
contribute to the ability of the body to balance heat gains with heat losses. However, 
appropriate thermoregulatory responses to changes in the level of the external (due to 
changing environmental conditions), or internal (due to changing physical activity) heat 
load, are initiated by the controlling arm of the thermoregulatory system. 
The thermoregulatory controller comprises a thermoreceptive and thermointegrative 
element. The thermoreceptive element has both peripheral and central components. It is 
generally accepted that the body has receptors sensitive to temperature located in the 
hypothalamus and the skin (Parsons, 1993; Stitt, 1993). The cutaneous receptors are 
found in a network across the entire body surface and consist of free sensory nerve 
endings whose spontaneous rate of discharge increases in response to appropriate 
temperature changes (Stitt, 1993). The anterior portion and preoptic region of the 
hypothalamus are also sensitive to changes in body temperature (McArdle et al., 199 1). 
Sensors may also be found in the splanchnic organs and skeletal muscle (Rowell, 
1986), and may also exist in the midbrain, medulla oblongta, spinal cord, blood 
vessels, abdominal cavity and a number of other sites (Parsons, 1993), although the 
evidence for these is physiological (namely heating such areas seems to elicit a thermal 
response) rather than anatomical (Stitt, 1993). 
The body's thermosensors and effector systems are connected to the hypothalamus by 
nervous pathways and are integrated there in some way resulting in the maintenance. of 
body temperature within relatively narrow limits. An important concept in human 
thermoregulation is the idea of an internal threshold temperature ('a virtual setpoint' 
[Stitt, 1993]) against which sensed temperature is evaluated and, if necessary, effector 
responses are initiated. Using the setpoint idea, Fig. 2.5 indicates what is thought to 
happen to an individual during exercise. The rate of heat generation increases 
dramatically and, as heat dissipation remains unchanged, heat is stored and the deep 
body temperature rises. At some stage this rise in temperature becomes sufficiently 
large that the load error (the difference between the setpoint temperature [the maintained 
deep body temperature] and the actual temperature) is great enough to stimulate heat 
loss effector mechanisms. The size of the negative feedback signal dictates the size of 
the heat loss effector response. When the two eventually become balanced, the system 
will be in thermal equilibrium, but at a higher temperature than at rest. Also, the error 
signal will remain so that heat loss will be driven to continue. It should be noted 
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however, that the concept of a 'setpoint' is useful but is a purely mathematical idea 
(Gisolfi and Wenger, 1984). 
The body's primary effector organs for heat dissipation are the smooth muscles of the 
cardiovascular system, which maintain arteriolar resistance, and the sweat glands 
(Nadel, 1992), as it is generally recognised that when the body becomes hot it loses 
heat by vasodilation of the cutaneous blood vessels and, if required sweating (Rowell, 
1983; Parsons, 1993). An increase in blood flow to the skin is the third principal heat- 
dissipating response occurring in response to thermal stress (Gisolfi and Wenger, 
1984). 
E)ýERCIJJE 
Fig. 2.5. Diagrammatic representation of the thermoregulatory events 
occuring as a result of exercise. The initiation of exercise produces a 
stepped increase in heat production and as heat loss is unchanged, heat 
is stored. However, the error signal is large enough to initiate effector 
responsesý Thermal equilibrium is reached when heat loss matches heat 
generation. [Based on Stitt, 1993]. 
2.4.4.2. Thermoregulation during Exercise 
During the first minutes of exercise the rate of heat generation substantially exceeds the 
rate of heat loss. Consequently, the temperature in the muscle increases rapidly. The 
rate of increase may be I *C every few minutes (Saltin et al., 1968). However, this rate 
is transient as the increased temperature gradient between the muscle and the blood, and 
the decreased vascular resistance and elevated blood flow (by upto 30-fold [Nadel, 
19881) increase the rate of heat flux from the muscle. Consequently, the rate of rise in 
muscle temperature is reduced as flux is increased. A small proportion of the heat 
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produced as a result of the contractions in the working muscle can be conducted 
passively to the skin, or carried convectively there by venous blood, which has passed 
from the deeper to the cutaneous veins via the communicating veins (Gisolfi and 
Wenger, 1984; Nadel, 1988; Young, 1990). The remainder of the heat absorbed by the 
blood is transported to the cranial, thoracic and abdominal cavities of the body by the 
circulation. Early in exercise heat production will exceed its dissipation and so heat will 
be stored in"the exercising muscle and in the core (Gisolfi and Wenger, 1984). 
Consequently, the deep body temperature will rise and the thermosensitive receptors 
there will be stimulated. The change in the rate of discharge of the thermal sensors 
enables the anterior hypothalamus to determine that there is an error between the 
preferred thermal state and the actually existing one. It therefore initiates the efferent 
nervous system activity to the heat dissipation organs (Nadel, 1992). When the deep 
body temperature rises beyond threshold levels, skin vasodilation, with concomitant 
increases in blood flow, and sweating are initiated. The extent of the increase in blood 
flow to the skin and sweating rate are proportional to the intensity of the activity (Nadel, 
1992). The dissipation of heat at the body's periphery attenuates the rise in body 
temperature. The heat flux from the core to the skin is dependent on the temperature 
gradient between the two areas and the overall skin conductance, which comprises a 
fixed element and a variable element which is basically a function skin blood flow 
(Nadel, 1988). Once the rate of heat production is balanced by the rate of transfer to the 
environment deep body temperature will stabilise. However, this will occur at an 
elevated level due to the initial temporary imbalance between heat production and 
dissipation and because of the speed of the dissipation response (Gisolfi and Wenger, 
1984). 
2.4.4.3. Thermoregulation during Exercise in Hot Environmental Conditions 
On a hot day, when ambient temperature is higher than skin temperature, the body will 
gain heat from the environment (Maughan and Leiper, 1994; Kolka, 199 1; Young, 
1990). At high ambient temperatures the only means of heat dissipation is evaporative 
loss from the surface of the skin (Maughan and Leiper, 1994). 
During even moderately intense exercise in a warm environment the ability of the heart 
to meet the demands of the contracting muscles and the elevated need for blood flow to 
the skin will be increasingly compromised. Accompanying the elevated levels of skin 
blood flow is an increased volume of blood in the capacious skin veins below the heart. 
This reduces central blood volume and hence cardiac filling pressure and therefore 
stroke volume (Werner, 1993). Although cardioacceleration will be induced to try and 
compensate for this, in heavy exercise in the heat even an increase in heart rate of 20 
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beats. min` will not be sufficient. During prolonged exercise the continuous loss of 
body water due to sweating can compound these problems. 
2.4.4.4. The Competition Between Muscle and Skin for Blood 
At the initiation of dynamic exercise there is a primary drive for the redistribution of 
blood away from the metabolically inactive tissues (including the skin) to the active 
musculature (Kenny and Johnson, 1992). However, as muscle contraction will produce 
heat, which must be dissipated, there will be a need for blood flow to the skin at the 
same time for thermoregulatory purposes. The nonthermoregulatory drive for cutaneous 
vasoconstriction is totally at odds with the thermoregulatory drive for cutaneous 
vasodilation and so the muscle and skin can be regarded as in 'competition' for a limited 
blood flow (Rowell, 1977). When an individual is performing upright exercise in a 
warm climate the competition between skin and working muscle is formidable (Kenny 
and Johnson, 1992). 
2.4.4.5. Some Interesting Observations 
From the work of Nielsen (1938) and others it is clear that when the body is able to 
maintain a thermal equilibrium during exercise it does so at an elevated level to that seen 
at rest. An interesting question is why this should be so? Why does the body's 
thermoregulatory effector systems not increase heat dissipation so as to return the body 
temperature to the level it chooses at rest, which is certainly possible when ambient 
conditions may not be extreme and relative humidity is low? There are a number of 
possible explanations. Nielsen (1970) has argued that an elevated body temperature is 
advantageous when performing exercise (provided of course that the elevation does not 
become excessive). Another possible explanation is that the nature of the error signal 
system means that some heat must be stored before equilibrium can be attained. 
However, once heat gain and loss are in balance the situation is stable. To try and return 
the deep body temperature to a lower temperature would be an unstable situation once 
more (Nadel, 1988). The need to maintain a gradient between the deep body and the 
skin may be another reason why an elevated temperature is maintained during exercise 
as the skin temperature is generally a function of the external ambient conditions. 
2.5. Exercise Performance in Hot Environmental Conditions or Under 
Heat Stress 
There are a number of studies which have investigated the effects of hot environmental 
conditions, or the impact of heat stress, on the abilities of humans to exercise (Table 
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2.1). From Table 2.1 it can be seen that, despite the wide variety of exercise models 
and subject types used in the presented studies, in almost all cases exercising in hot 
environmental conditions or under heat stress, reduced the exercise performance which 
was possible when the environmental conditions were not as hot or the heat stress was 
not as great. Work by Galloway and Maughan (1997) suggests that even at 21 *C the 
increased ambient conditions reduce the endurance capacity of individuals compared to 
what is possible at IIT. The curtailment in performance in the studies in Table 2.1 
ranges from 8% (Maxwell et al., 1999) to 79% (Suzuki et al., 1980), although such 
calculations are influenced by the trial which was used as a baseline. Interestingly, in 
two of the studies presented, where the exercise was all-out sprinting (Ball et al., 1999) 
or of a very high intensity (Saltin et al., 1972), exercise performance was either 
improved (substantially) or similar when performance in hot and moderate 
environmental conditions were compared. In both these cases the exercise duration was 
short and this may have been a key factor, although the duration was also short in the 
study by Maxwell and colleagues (1999), where heat stress reduced the time to 
exhaustion. 
2.6. What Causes The Early Onset of Exhaustion When Exercising in Hot 
Environmental Conditions? 
As was noted above, exercising in hot environmental conditions clearly curtails 
performance in the majority of circumstances. From the earlier discussions on the limits 
to human thermoregulation such findings should not be unexpected. However, as was 
also noted earlier, in the majority of cases humans stop exercising before they become 
so hyperthermic that they develop heat exhaustion or heat stroke. The question then 
becomes what is the mechanism or mechanisms which result in the earlier onset of 
exhaustion when humans exercise in hot environmental conditions. Fig. 2.6 shows 
some of the possible sites which might reduce performance or result in the termination 
of exercise during a voluntary contraction. If hyperthermia were to impact on any, or a 
combination of these sites, then the earlier onset of exhaustion seen when exercising 
under heat stress could be explained. In addition, as will be seen below, during exercise 
in hot environmental conditions the functioning of the circulatory system may be 
impaired, and this may contribute to, or lead to exhaustion. 
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Fig. 2.6. Diagrammatic representation of the stages in the production of 
a voluntary movement, and the possible sites where exhaustion may be 
induced, and the possible mechanisms which may bring exhaustion 
about. [Adaptcd from Edwards (1983), Fitts (1994), McComas (1996) and Vander, 
Sherman and Luciano (1994)]. 
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2.6.1. Circulatory Limitations 
Humans possess a limited blood volume; that is, the blood volume cannot maximally 
perfuse the complete vascular system at any one time. Therefore, if demand for blood 
increases in skeletal muscle, as it does substantially during exercise, blood flow to other 
regions, such as the splanchnic and renal beds, will be reduced (Rowell, 1983). The 
overall blood flow can also be increased by elevating the cardiac output which is what 
happens during exercise. However, when humans exercise in hot environmental 
conditions the demand, even for an elevated cardiac output, may become too great. 
Also, 'Werner (1993) notes that the circulatory system providing the primary means of 
thermoregulatory control, is also the system required to maintain blood pressure, and 
the vasodilative needs for heat dissipation may not always be consistent with those of 
blood pressure maintenance. Therefore, it is possible that the stress on the circulation 
may become great enough to limit exercise performance or capacity. 
Adams et al. (1975) suggested that the exhaustion in their subject during running in hot 
environmental conditions was due to 'thermoregulatory failure' brought on by the 
excessive demands of the cutaneous and muscular circulations. This was exacerbated 
by fluid losses due to sweating, and resulted in reduced skin blood flow and spiralling 
deep body temperature. However, while this is a plausible argument these authors did 
not actually measure any of the circulatory variables they commented on. An impaired 
circulatory response was also suggested by MacDougall et al. (1974) as a possible 
explanation of exhaustion, as they found that cardiac output tended to decline 
immediately prior to exhaustion in their subjects in the hyperthermal and normal 
conditions, and they suggested this was probably the result of the peripheral 
displacement of central blood volume and changes in cutaneous venous compliance. 
While high deep body temperatýre was a possible source of exhaustion in the study 
reported by Adams et al. (1975) Suzuki (1980) argued that it would not seem to provide 
an adequate explanation for their findings as rectal temperature was -38.6 T at the end 
of all their trials. However, the time taken to reach that temperature was far shorter 
when the ambient conditions were hot. Nevertheless, Suzuki suggested that alterations 
in the peripheral circulation could explain the reduced exercise capacity in 40 T, and 
they did find that cardiac output was decreased at exhaustion. Galloway and Maughan 
(1997) proposed that the most important factor which limited exercise capacity when the 
ambient conditions were 31 'C, was a reduced central venous pressure, brought about 
by large peripheral pooling of blood and by evaporative heat loss. In a recent 
investigation using heat acclimated, competitive, endurance cyclists, both dehydration 
and hyperthermia alone reduced stroke volume by 7-8 % compared with control values 
in a 30 minute bout of exercise (72 % ý702max) in 35 T (50 % RH), which followed 
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100 min of cycling at 60 % ý102max in the environmental conditions (Gonzalez- 
Alonso et al. 1997b). However, heart rate increased sufficiently to compensate for this 
decline and so cardiac output was maintained (-20 Lmin-). When subjects were 
hyperthermic and dehydrated stroke volume declined by 20 % and although heart rate 
increased by 9 %, cardiac output was significantly reduced by 13 % or 2.8 Lmin-. 
Clearly, therefore, there may be circulatory limitations which could explain the earlier 
onset of exhaustion seen when individuals exercise in hot environmental conditions. 
2.6.1.1. Is Muscle Blood Flow Reduced During Exercise in Hot Environmental 
Conditions? 
If the circulation is unable to meet the demands of muscle and skin for blood during 
exercise in hot environmental conditions, then flow to either or both could be 
compromised. In humans, where muscle blood flow has actually been measured, the 
majority of the evidence does not support the assertion that muscle blood flow is 
reduced during exhaustive exercise in hot environmental conditions (Kirwan et al., 
1987; Savard et al., 1988; Nielsen et al., 1990,1993,1997). When uphill treadmill 
walking in moderate environmental conditions has been followed immediately with the 
same exercise in hot conditions, cardiac output has been maintained or perhaps 
increased (although not significantly so), and leg blood flow has been unchanged at -6 
Lmin-' (Nielsen et al., 1990). Similar results were found using a cycling model and a 
water-perfused suit (Savard et al., 1988). An acclimation procedure in either hot dry 
(Nielsen et al., 1993), or hot humid (Nielsen et al., 1997) environmental conditions 
either improved (Nielsen et al., 1993) or had no effect (Nielsen et al., 1997) on the 
cardiac output, but in both cases the leg blood flow remained unchanged, even though 
exercise duration was increased. Therefore, the evidence in humans suggests that 
muscle blood flow is not compromised during exercise under heat stress. However, a 
recent study by Gonzalez-Alonso et al. (1999) suggested that the reason for these 
findings was because the cardiac output was never sufficiently impaired. When they 
exercised endurance-trained cyclists to exhaustion in 35 *C (40 - 50 % RH), and 
allowed them to dehydrate, cardiac output declined between 20 min of exercise and 
exhaustion at 135 min, whereas it increased in a euhydrated trial. Two thirds of the 
reduction of cardiac output was accounted for by a 13 % reduction in leg blood flow. 
Forearm blood flow was also reduced in the dehydration trial. 
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2.6.2. Is Exhaustion During Exercise in Hot Environmental Conditions 
a Metabolic Phenomenon? 
For some time it was thought that if muscle blood flow were compromised the active 
skeletal tissue would become more dependent on anaerobic metabolism for energy 
generation. Consequently, muscle glycogen utilization would be elevated and as low 
levels of glycogen have been implicated in the exhaustion process during prolonged 
exercise in moderate ambient conditions, elevated glycogen use might provide an 
explanation for the earlier onset of exhaustion in individuals exercising in hot 
environmental conditions. Therefore, when Fink et A (1975) performed the first 
investigation of the impact of heat stress on glycogen use during exercise, and found 
that utilization was higher during cycling in 41 *C compared with that seen in 9 *C, the 
authors did suggest that low levels of muscle glycogen could be a plausible explanation 
for the earlier exhaustion seen when subjects exercise in hot environmental conditions. 
Since then a number of studies have investigated this issue. 
2.6.2.1. Muscle Glycogen Concentration and the Ability to Exercise 
The content of glycogen in the working muscle has been shown to be an important 
determinant of the capacity to perform prolonged cycling exercise at 75 / 77 % of 
'ý02max in moderate environmental conditions (Bergstrom et al., 1967; Hermansen et 
al., 1967). It has also been demonstrated that exhaustion during prolonged, moderate 
intensity (-75% of ý702max) running in relatively comfortable ambient conditions 
coincides with low concentrations of muscle glycogen (Tsintzas et al., 1996). In 
addition, Saltin (1973) reported that the distance covered by soccer players during a 
game (prolonged, intermittent, high-intensity running) was heavily influenced by the 
concentration of glycogen in the thigh. Players with a normal thigh muscle glycogen 
content (96 mmoles. kg-) covered a greater distance (19 % greater) than those players 
who had performed exhausting exercise the day before the game, and whose 
subsequent food intake was limited (initial glycogen concentration 45 mmoles. kg"). 
The glycogen depleted players also covered 50 % of the distance in the game at walking 
pace and only 15 % at maximal speed, compared with 27 and 24 % respectively in the 
other players. 
During prolonged running it has been found that it is the type I fibres, but not the type 
II, which are depleted at exhaustion (Tsintzas et al., 1996). The rate of glycogen 
utilization was similar in the two fibre types after exhaustive running when flavoured 
water was drunk (Tsintzas et al., 1996), but was 3 fold higher in the type I fibres 
compared with the type II, following 60 min of running when only water was 
consumed (Tsintzas et al., 1995). Clearly, during moderate intensity exercise type I 
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fibres would seem to be selectively utilized and their glycogen degraded, although 
during the latter stages of exhaustive exercise type II fibres are being used also 
(Gollnick, 1988; Hargreaves, 1995). In contrast, following 30 s of maximal treadmill 
sprinting glycogen degradation and the rate of utilization was greater in type II fibres 
than in type I (Greenhaff et al., 1994). This occurs because as the exercise intensity 
approaches ý702max and exceeds it (as during a 30 s sprint) glycogenolysis takes place 
in all fibre types but at a higher rate in type 11 fibres because they have a greater 
glycogenolytic capacity (Gollnick, 1988; Hargreaves, 1995). The involvement of type 
II fibres at higher exercise intensities may explain why the overall rate of muscle 
glycogen breakdown is greater, although elevated adrenaline levels may also be a factor 
(Hargreaves, 1995). When the exercise is prolonged but also involves repeated bouts of 
maximal sprint running (such as during games type exercise), it appears that glycogen 
utilization is greater in type H than type I fibres (Tsintzas, personal communication). 
Clearly, from the discussion above low concentrations of glycogen in the working 
muscle at the end of prolonged exercise may be implicated in the exhaustion that occurs. 
In addition, the fibre type recruitment pattern and the usage of glycogen in the particular 
fibre types seems to be dependent on the intensity, duration and type of exercise being 
performed. 
2.6.2.2. Muscle Glycogen Utilization when theEnvironmental Conditions are Hot 
If exercise and heat stress do indeed produce a competition in the body between the skin 
and exercising muscle for a limited blood flow, as has been suggested (Rowell, 1974, 
1977,1986), then it is possible that active muscle could be deprived of blood, resulting 
in a reduction in the supply of oxygen and an alteration in metabolism in the working 
muscle. From the discussion in section 2.6. LI this only seems to be the case in 
extreme situations. Nonetheless, if the muscle were to become more dependent on 
glycolysis for its supply of ATP, due to a diminished oxygen supply, then the 
degradation of glycogen in the working tissue could be faster and exhaustion might 
occur earlier. 
It was Fink and colleagues in 1975 who first investigated the effects of hot 
environmental conditions on the utilization of muscle glycogen in exercising humans. 
Subjects performed three fifteen minute bouts of cycling at intensities ranging from 70 - 
85 % of ý702max in 9 and 41 *C (dry bulb temperature). These authors found that the 
hotter environmental conditions did elevate the rate of glycogen utilization in the 
gastrocnerriius muscle. They suggested that such a result was consistent with a 
reduction in muscle blood flow, induced by a decreased cardiac output and 
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redistribution of blood flow to the skin (although they did not make any measurements 
of muscle blood flow or any other circulatory variables, except heart rate and whole 
body ý102), and possibly provided an explanation for the earlier onset of exhaustion 
seen when individuals exercised under heat stress. 
Since this first investigation a total of 7 studies have examined muscle glycogen 
utilization in hot and moderate / cool environmental conditions in humans (Table 2.2). 
Their findings seem to be equivocal in terms of establishing whether heat strain 
stimulates an increase in the breakdown of muscle glycogen, with 3 studies suggesting 
that exercising in hot environmental conditions elevates glycogen utilization (Febbraio et 
al., 1994a, 1994b; Fink et al., 1975), while 4 found no differences in breakdown when 
hot conditions were compared with cooler (Maxwell et al., 1999; Nielsen et al., 1990; 
Yaspelkis et al., 1993; Young et al., 1985). 
However, there may be a number of reasons as to why this apparent discrepancy exists. 
It has been argued that the findings of Fink and colleagues (1975) do not allow any 
conclusions to be drawn about the impact of heat stress on muscle glycogen utilization 
because a thermoneutral trial was not used: it is not possible to establish whether heat 
stress increased glycogenolysis or the cold reduced it (Yaspelkis et al., 1993). The 
significantly different resting muscle glycogen concentrations in the study of Young et 
al (1985), and an experimental design in which 30 min of treadmill walking in 18 'C 
was immediately followed by 60 min of the same exercise in 40 *C (Nielsen et al., 
1990), does not allow any conclusions to be reached about muscle glycogen utilization 
in the different temperature conditions as the rate of muscle glycogen breakdown is 
dependent on pre-exercise concentrations (breakdown being greater when the initial 
concentrations are higher) (Yaspelkis et al. 1993; Febbraio et al., 1994a). It has also 
been noted (Febbraio et al., 1994a; Maxwell et al., 1999) that the studies which find a 
difference in muscle glycogen utilization (Fink et al., 1975; Febbraio et al., 1994a, 
1994b) are those where the temperature disparity between the environmental conditions 
being compared was large, and substantially greater than the temperature difference 
examined in those studies which did not find a difference in muscle glycogen usage 
(Yaspelkis et al. 1993; Febbraio et al. 1994a; Maxwell et al. 1999). Clearly, there are a 
number of possible reasons why the studies noted above may have produced apparently 
differing findings. 
Table 2.3 shows a number of other studies which have produced information on muscle 
glycogen utilization in different environmental conditions or with contrasting hydration 
status. In these studies when the muscle and rectal temperature was significantly 
different between trials (Febbraio et al., 1996a, 1996b; Gonzalez-Alonso et al., 1997a) 
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so was the usage of muscle glycogen, being higher when the muscle temperature was 
elevated. The only exception to this was the work of Parkin et al. 1999 who found that, 
despite no differences in muscle and rectal temperature responses during cycling to 
exhaustion, the rate of muscle glycogen utilization was greater in 20 than 3 'C (Table 
2.3 and 2.7). (The study does not give any data comparing the utilization rate at 40 'C 
with those at lower temperatures, but from estimations from the graphically presented 
data it does appear to have been higher than at 20 *Q. However, in the Parkin et al. 
(1999) study the muscle temperature measurements presented were taken at the end of 
exercise, and as the exercise duration was greater in 3 'C than at 20 'C it is not possible 
to say what the utilization rate would have been if the same point in time in the two trials 
had been compared, especially as 20 minutes into exercise there was no difference in 
rectal temperature between the two trials. The results presented in Tables 2.3,2.5 and 
2.7 seem to infer that differences in heat strain in the muscle or body may be the key 
factor affecting the utilization of glycogen during exercise in different environmental 
conditions. 
Looking again at the studies presented in Table 2.2 (additional related data are presented 
in Tables 2.4 and 2.6) all the studies would seem to have a higher rectal or oesophageal 
temperature when the ambient conditions were hotter. However, when one compares 
Febbraio et al. (1994a, 1994b) and Yaspelkis et al. (1993), who had similar subjects 
exercising at a similar exercise intensity over a 40 / 45 minute time period, one finds 
that in the Febbraio et al. (1994a, 1994b) studies rectal temperature reached 39.7 and 
39.6 *C compared with the 39.0 *C found by Yaspelkis et al. (1993), even though use 
of a heat stress index (Verdaguer-Codina et al. 1993) would suggest that the 
environmental stress in their respective hot trials was similar. In addition, there was I 
'C difference in the recorded body temperature between the respective trials in the 
Febbraio et al. (I 994a, 1994b) studies, but this difference was only 0.2 *C in the study 
by Yaspelkis et al. (1993). While it has been argued that the presence of fans in the 
Yaspelkis et al. (1993) study (which would have increased convective air flow) might 
explain this difference (Maxwell et al., 1999), the more obvious reason would seem to 
be the acclimatization status of the two groups of subjects: in the Yaspelkis et al. (1993) 
study the subjects were acclimatized; the Febbraio et al. (1994a, 1994b) subjects were 
not. Similarly, the subjects drank during exercise in the Yaspelkis et al. (1993) study 
but not in the studies by Febbraio et al. (1994a, 1994b), and consumption of water 
during exercise has been shown to reduce glycogen utilization compared to when no 
water was consumed (Hargreaves et al. 1996b). To emphasise that the differences in 
muscle glycogen utilization responses found by Febbraio et al. (1994a, 1994b) and 
Yaspelkis et al. (1993) was probably due to the reduced thermal strain on the Yaspelkis 
et al. (1993) subjects because they were acclimatized, the change in rectal temperature in 
Chapter II Review of Literature 
moderate conditions over the 40 / 45 minute period was very similar between the 
studies (1.5 / 1.6 - Febbraio et aL 1994a, 1994b / 1.6 - Yaspelkis et aL 1993), which 
one would expect if indeed humans are able to maintain a stable body temperature over 
a range of moderate environmental conditions (Astrand and Rodahl, 1986). Also, it is 
likely that in the moderate trials in these studies subjects should have been in the 
6prescriptive zone' where the main influence on body temperature should be exercise 
intensity (Lind, 1977), and so their body temperature responses should have been 
similar and this was indeed the case. 
While Maxwell et al. (1999) have argued that the reason they saw no difference in 
muscle glycogen usage during sprint running in 21 and 33 *C was because the very 
high exercise intensity used in their study meant the rate of energy turnover was already 
functioning. maximally, and therefore could not be increased, (an assertion that is open 
to question) it was also noticeable that their subjects were not particularly hot in the hot 
trial as indicated by rectal temperature (Table 2.2), although the difference between 
trials was statistically significant. In support of the idea that the thermal strain on the 
Maxwell et al. (1999) subjects was not great enough to induce an increase in muscle 
glycogen utilization Febbraio et al. (1996b) found that during cycling at 115% 
'ý02max, the rate of glycogen breakdown was greater in a heated leg, where the 
muscle temperature had been elevated prior to exercise. (The rate of glycogen 
utilization, but also the resting glycogen concentration, was slightly higher in the 
Febbraio et al. (1996b) study than that seen by Maxwell et al. (1999) [Table 2.6 and 
2.7]). 
While the oesophageal and muscle temperatures in the hot conditions certainly seem 
elevated in the study by Nielsen et al. (1990), the experimental design used by these 
authors does not allow any firm conclusions do be drawn about the effect of heat on 
muscle glycogen breakdown because of the greater breakdown which occurs when 
glycogen concentrations are higher, and also because utilization of muscle glycogen 
occurs in a curvilinear fashion (Fink et al., 1975; Costill, 1988; Gollnick, 1988). 
Consequently, with the Nielsen et al. (1990) design one could expect the rate of 
utilization to be less in the second part of a bout of exercise than in the first. Therefore, 
even if glycogen usage had been elevated by hot environmental conditions this might 
not be seen due to the reduced utilization rate occurring later in a bout of exercise. 
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The criticism levelled at Fink and colleagues (1975) that it is not possible to establish 
whether heat stress increased glycogenolysis or the cold reduced because of the ambient 
conditions in their study, would not seem to be borne out by the work of Jacobs et al. 
(1985), who found no difference in glycogen utilization when cycling in 9 *C and 21 *C 
(Table 2.3). However, it should be noted that even at the higher exercise intensity 
(which was estimated) in the Jacobs et al. (1985) study, subjects were still only 
exercising at about 50 % ý702max, and their respiratory exchange ratio values of 0.85 
and lower during exercise would suggest that subjects were generating perhaps only 
half of their energy demand from carbohydrate (McArdle et al., 1991), and therefore 
were not largely dependent on glycogen. 
Clearly, from the above discussion there may be a number of reasons why differences 
in muscle glycogen utilization have been found between various studies. However, the 
findings by various authors that glycogen concentration at the end of exercise in hot 
environmental conditions is not sufficiently low to explain the exhaustion seen (Ni elsen 
et al., 1990; Parkin et al., 1999) suggests that even if elevations in muscle glycogen 
utilization occur, this is unlikely to produce an earlier onset of exhaustion. 
2.6.3. High Body Temperature Per Se 
In 1990 Nielsen and colleagues concluded that exhaustion during exercise in hot 
environmental conditions was not due to strain in the cardiovascular system, as cardiac 
output and leg blood flow were unaffected by up to 60 min of exercise in heat 
immediately following treadmill walking in moderate conditions. In addition, there did 
not seem to be a metabolic origin to the exhaustion either as the glycogen concentration 
in the active tissue at the end of exercise averaged 251 mmol. kg dry wt-', and no 
individual sample was less. than 95 mmol. kg dry wt-'. Also, femoral and venous 
concentrations of lactate, glucose, free fatty acids and potassium seemed to be 
unaffected by the imposition of the heat stress. They concluded that elevated deep body 
temperatures induced the exhaustion by reducing "the function of motor centers and the 
ability to recruit motor units required for the activity, perhaps via an effect on the 
"motivation" for motor performance" (Nielsen et al., 1990, p. 1045), or, expressed in 
another way, there was a reduced drive for motor performance (Nielsen et al., 1990, p. 
1040). However, precisely what is meant by these statements and how they can be 
assessed physiologically is not easy to see. Indeed, in 1997, in another study, the same 
authors noted that while they concluded a high deep body temperature limited exercise 
performance, the mechanism still needed to be identified. 
-42- 
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In addition to the 1990 study, a number of other investigations from this group have 
reached similar conclusions (Nielsen et al., 1993,1997; Gonzalez-Alonso et al., 1999). 
In 1993, subjects were acclimatized to a hot dry environment (40 T, 10 % RH) by 
cycling to exhaustion (Nielsen et al., 1993). While the duration of exercise increased 
from 48 min to 80 min on average, over a9- 12 day period, the end of exercise always 
coincided with an oesophageal temperature of 39.7 T. Using the same protocol, and 
equalising the heat strain, subjects were acclimated in a hot humid environment (35 *C, 
87 % RH) [Nielsen et al., 19971. The exercise duration changed significantly again, but 
the increase over the 8- 13 day period was only from 45 to 52 min in these conditions 
(which might be expected because of the limited avenues of heat loss). Again, the 
exhaustion of subjects occurred consistently when their oesophageal temperature 
averaged 39.9 *C. The impression from these studies is that it is a high deep body 
temperature which is the key factor limiting exercise performance and inducing 
exhaustion. Further evidence in support of this idea came from Gonzalez-Alonso et al. 
(1999) who pre-heated and pre-cooled subjects relative to a control trial, and found that 
despite the differences in the initial deep body temperature at the start of cycling, 
exhaustion always occurred at a similar oesophageal temperature of -40.2 T. 
While these studies are persuasive the theory of a high deep body temperature inducing 
a reduced drive to exercise suffers from two problems. The first is that there is still not 
an accepted physiological mechanism to explain how it works. Secondly some authors 
find that while their subjects are indeed exhausted at high deep body temperatures when 
exercising in hot environmental conditions, the rectal temperature at which the 
exhaustion occurs is significantly different in different trials (Pitsiladis and Maughan, 
1999; 70 % ý102max cycling to exhaustion, low glycogen diet, 30 *C, 70 % RH, 
exhaustion -40.4 *C Trec; high glycogen diet, 30 *C, 70 % RH, exhaustion -40.9 *C 
Trec, P<0.05). 
2.6.4. Central Fatigue 
As the discussion above and Fig. 2.6 show, the idea that the functioning of the brain 
may be an integral part of the exhaustion process is not new or lacking in common 
sense. Motivation and other psychological factors are clearly a key part of any sporting, 
or non-sporting endeavour. 
Recently, the idea that elevated levels of serotonin in the brain may provide a 
mechanism producing exhaustion in hot environmental conditions has received some 
attention. [Serotonin is a neuro-transmitter which can have important effects on arousal, 
lethargy and sleepiness (Davis and Bailey, 1997)]. Many of the studies which have 
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investigated the issue have used prolactin as a marker of serotonergic activity (Pitsiladis 
et al., 1998; Bridges et al., 1999; Strachan et al., 1999). The secretion of prolactin may 
be related to elevations in the body temperature as a result of warming or exercise 
(Strachan et al., 1999), or to the skin temperature response (Bridges et al., 1999). 
Therefore, it may well be that exercising in hot environmental conditions initiates 
prolactin release and this may indicate an increased serotonergic response. 
2.6.5. Muscle Temperature During Exercise 
The muscle temperatures following various bouts of exercise are presented in Table 2.2 
and 2.3. However, it has been argued that very little information exists with respect to 
temperature in active musculature at the end of exhaustive exercise when the conditions 
are hot (Gonzalez-Alonso et al., 1999). Parkin and colleagues (1999) found that the 
muscle temperature was significantly higher at the end of cycling to exhaustion in 40 *C 
than in either 3 or 20 *C. In an investigation by Gonzalez-Alonso et al. (1999), which 
manipulated the heat stress during cycling to exhaustion by pre-cooling or pre-heating 
subjects, the end of exercise always coincided with a consistently high temperature in 
the vastus lateralis muscle (40.7 - 40.9 'Q, despite different durations of exercise. 
Hargreaves and Febbraio (1998) have suggested that high muscle temperature may 
reduce skeletal muscle function, and hence induce or contribute to exhaustion when the 
environmental conditions are hot, by producing structural and functional alterations in a 
number of proteins, involved in the distribution of electrolytes across the skeletal cell 
membrane, the release and recovery of calcium by the sarcoplasmic reticulum, the 
interactions between actin and myosin, and in the mitochondrial respiratory chain. 
However, as they note, little information exists to support or refute these suggestions. 
2.7. Women and Exercise 
While the responses of men during exercise in a wide variety of environmental 
conditions have been extensively studied, data on women is limited. One of the key 
reasons for this is that women have a menstrual cycle, which may make experimental 
control more difficult. In addition, the responses of women during exercise, particularly 
in hot environmental conditions, may vary in comparison with males due to their larger 
surface area to mass ratio (Shirreffs, 1999). It has also been suggested that the deep 
body temperature increases during exercise will be greater in females than males 
because females have a higher adiposity (Shirreffs, 1999). However, Dill et al. (1977) 
found no differences in rectal or skin temperature responses when male and female 
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subjects were compared during exercise in a hot, dry environment when subjects 
exercised at the same relative exercise intensity. 
2.7.1. The Influence of the Menstrual Cycle on Exercise Performance or 
Capacity 
The presence of a menstrual cycle, and the hormonal fluctuations which occur as a 
direct result, would seem to present a major complication when one seeks to assess 
physiological responses in female subjects. Table 2.8 and 2.9 present a number of 
studies which have investigated the influence of menstrual cycle phase on the responses 
of females during exercise in moderate and hot environmental conditions respectively. 
In moderate environmental conditions (Table 2.8) menstrual cycle phase has been found 
to alter the metabolic (Hall Jurkowski et al., 1981), cardiovascular (Schoene et al., 
1981; Hesserner & BrUck, 1985; Pivarnik et al., 1992) and thermoregulatory 
(Hessemer & BrUck, 1985; Pivarnik et al., 1992; Lynch & Nimmo, 1998) responses 
during exercise. However, it was noticeable that despite these metabolic, cardiovascular 
and thermoregulatory alterations, where a measure of endurance capacity was assessed 
(Hall Jurkowski et al., 198 1; Schoene et al., 198 1; Dombovy et al., 1987; De Souza et 
al., 1990; Lebrun et al., 1995), only those studies where sedentary or untrained 
individuals were subjects was a difference in capacity discernible (Hall Jurkowski et 
al., 198 1; Schoene et al., 198 1). In the heat (Table 2.9), the majority of the studies 
have investigated the responses of untrained individuals during low intensity exercise of 
a set duration, and therefore it is not easy to assess how menstrual cycle phase might 
influence exercise performance and capacity, particularly in well-trained individuals. 
When well-trained individuals have been used, menstrual cycle phase has not been 
found to influence distance run or repeated 15 m sprint performance during prolonged, 
intermittent, high-intensity running (Sunderland and Nevill, unpublished observations). 
Therefore, although menstrual cycle phase may well influence some thermoregulatory 
responses during exercise in hot environmental conditions (Carpenter and Nunneley, 
1988), it is likely that if the subjects are well-trained, the relatively small changes in 
metabolic, cardiovascular or thermoregulatory responses which may occur as a result of 
menstrual cycle phase, are of far less importance in terms of impact on exercise 
performance or capacity, than the changes of a far larger magnitude in metabolic, 
cardiovascular or thermoregulatory responses which occur as a result of exercising in 
hot environmental conditions. 
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2.8. Carbohydrate Ingestion During Exercise 
When individuals drink solutions containing carbohydrate during prolonged 
submaximal or intermittent exercise in moderate environmental conditions their 
endurance capacity and performance can be increased (Coyle et al., 1986; Coggan and 
Coyle 1991; Nicholas et al., 1995; Tsintzas et al., 1995a; Tsintzas et al., 1996). There 
are a number of reasons which may explain why such improvements in capacity and / 
or performance may occur. It is thought that the supply of exogenous carbohydrate may 
prevent hypoglycaemia, or the provision of carbohydrate may result in the sparing of 
muscle glycogen; alternatively the presence of carbohydrate in a solution may provide a 
substrate for carbohydrate oxidation toward the end of exercise (Coyle et al., 1986; 
Coggan and Coyle, 1991; Nicholas et al., 1994; Tsintzas et al., 1995a; Tsintzas et al., 
1996). 
2.8.1. Carbohydrate Ingestion During Exercise in Hot Environmental 
Conditions 
Table 2.10 and 2.11 present a number of studies which have investigated the effects of 
carbohydrate in a solution on human responses And exercise capacity and perfon-nance 
during exercise in hot environmental conditions. While a number of studies have found 
that ingesting fluids containing carbohydrate during exercise improves endurance 
performance in hot environments (Murray et al., 1987; Davis et al., 1988b; Murray et 
al., 1989; Millard-Stafford et al., 1992; Below et al., 1995), the benefit of the 
carbohydrate in these circumstances would not be seem to be associated with improved 
thermoregulatory or cardiovascular function (Table 2.11). Indeed, some suggest that 
carbohydrate substrate availability in the muscle or the blood is not a key factor in the 
earlier onset of exhaustion which typically accompanies heat stress (Febbraio et al., 
1996c; Parkin et al., 1999). 
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2.8.2. Gastric Emptying in the Heat 
One of the factors which will influence the availability of ingested solutions is the rate at 
which they empty from the stomach. The rate of gastric emptying in relation to exercise 
has been widely investigated both in moderate conditions and in relation to the 
carbohydrate content of solutions (Maughan, 1992). However, few studies have 
investigated the effects of hot environmental conditions on the gastric emptying rate 
during exercise. Neufer et al. (1989) did find that hot environmental conditions (49 *Q 
decreased gastric emptying rate in comparison to rates in more moderate environmental 
conditions, and that dehydrated subjects seemed to be more susceptible to reduced 
gastric emptying than euhydrated individuals. Nonetheless, while Ryan et al. (1989) 
did find that the gastric residual volume left at the end of 3 hours of cycling in 33 'C 
was greater for a5% glucose solution in comparison with water, over 90 % of the 
ingested fluid was emptied from the stomach by the end of exercise, and the small 
increase in gastric residue did not seem to represent any reduction in gastric emptying 
rate. 
2.9. Summary 
An attempt has been made in this Chapter to present the current views about how 
humans maintain thermal equilibrium during exercise, and why this may not be possible 
when performing exercise in hot environmental conditions. In addition, the mechanisms 
which may bring implicated in the process of exhaustion when subjects exercise under 
heat stress were also discussed. In the experimental Chapters IV, V, VI and VII which 
follow, the effects of hot environmental conditions on human responses during 
prolonged, intermittent, high-intensity running will be investigated. 
-53- 
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3.1. Introduction 
General Methods 
This chapter explains the general methodological procedures which were used in the 
experimental studies described in the thesis. All the studies were carried out in the 
laboratories and gymnasium facilities of the Department of Physical Education, Sports 
Science and Recreation Management at Loughborough University. The methods 
described here were approved prior to the commencement of data collection by the 
Loughborough University Ethical Advisory Committee. 
The chapter is organized into 4 sections. In the first (section 3.2) the means by which 
subjects were recruited and the information they received is explained. In the second 
section (3.3) the preliminary tests and procedures completed by the individuals who 
participated in the various studies are outlined. In the third (section 3.4) the protocol 
and procedures used and measurements made in the main trials are described. The 
fourth section (3.5) outlines the methods adopted for the collection, treatment, storage 
and analysis of blood and muscle samples. 
3.2. Subject Recruitment 
The subjects who participated in the studies described in this thesis were all volunteers 
recruited by general advertising placed around the Loughborough University campus 
(for an example see Appendix A]). Upon expressing an interest in participating in a 
particular study an individual was given, in written form, information which detailed 
the rationale for the study, the specific requirements of the study design, the procedures 
and techniques involved, and any possible risks and discomforts participation in the 
study could entail (Appendix A2). In addition to the written information, the procedures 
and time commitment were also verbally explained. Every effort was made to ensure an 
individual had a complete understanding of what their participation in a particular study 
would require. Subsequently, if an individual indicated they still wished to involve 
themselves in the particular study they signed a statement of informed consent 
(Appendix A3). However, prior to actual involvement an individual was required to 
complete a health history questionnaire and a training questionnaire (Appendix A4). 
This was done in the presence of an experimenter who provided any clarification and 
assistance that was needed with regard to specific questions. All subjects were 
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physically active and currently involved in training for their sports and any subject with 
a known history of cardiovascular or coagulation / bleeding disorders or metabolic 
disease was excluded from participation in a study. 
3.3. Preliminary Tests 
3.3.1. Measurement of Body Mass and Height 
In all studies body mass was assessed to the nearest 0.05 kg using a set of beam 
balance scales (Model 3306ABV, Avery Industrial Ltd., Leicester, U. K. ) with the 
subjects either in shorts and socks (preliminary measurement) or nude (prior to, and 
following the main trials). The weighing of subjects was done in strict privacy. An 
experimenter of the same sex chaperoned a particular subject. Subjects were instructed 
to stand erect and still in the middle of the scales platform during assessment, with their 
weight evenly distributed over both feet. 
In addition, height (preliminary measurement) was evaluated to the nearest 0.1 cm 
using a stadiometer (Holtain Ltd., Crymych, U. K. ). Subjects were instructed to stand 
with their heels together against a metal plate with their toes separated by an angle of 
approximately 60% With the subject in a relaxed but erect stance the experimenter 
ensured the buttocks and the back of the head (posterior aspect) were in contact with the 
vertical board of the stadiometer. The head was positioned so that an imaginary line 
from the external acoustic meatii (the ear holes) to the lower border of the'orbits of the 
eyes was horizontal (in the Frankfort plane). Subjects were then asked to breath in and 
the stadiometer headboard was brought down to the superior aspect of the head with 
sufficient pressure to compress the hair. In order to compensate for any shrinkage in the 
intervertebral discs gentle traction was applied to the mastoid processes. The height was 
then read off the stadiometre scale. 
3.3.2. Estimation of Maximal Oxygen Uptake ( ý02max ) 
In all studies maximal oxygen uptake (ý102max) was estimated using a progressive 
multistage shuttle run test (Ramsbottom et al., 1988), which was based on previous 
work (Leger and Lambert, 1982). The test required subjects to run over a marked 20 m 
distance, in time to an audible signal ('bleep') generated from a pre-recorded cassette 
tape (The National Coaching Foundation, Leeds, U. K. ), turning at each end of the 20 
m. Subjects started running at 2.22 m. s-1 and the speed increased by 0.14 m. s-1 
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approximately every 60 s thereafter. Subjects were required to keep running until they 
were unable to keep pace with the audible signal. A test was regarded as having ended, 
and ý702max as having been achieved, when a subject was unable to reach the taped 
line in time with the 'bleep' on three consecutive occasions. 
Subjects were allowed a 10 min warm-up prior to a test and the characteristics of the 
test were demonstrated to them and its maximal and progressive nature explained. 
Sub ects were required to place a foot on or over the taped line which delimited the 20 j 
m distance. Subjects generally performed the test in pairs but, as the performance of 
subjects varied, where necessary researchers ran beside individuals in the latter stages 
of a test to ensure the subjects were exercising maximally and had sufficient motivation. 
In addition, subjects were verbally encouraged throughout a test. The number of 
shuttles completed by subjects was recorded (Appendix A5). Heart rate was measured 
throughout a test using short distance telemetry (Sport TesterTM, PE3000, Polar Electro 
Oy, Kempele, Finland; sampling frequency 15 s). The correct timing of the audible 
signal was ensured by checking that two pre-recorded 'bleeps' on the cassette were 
within 60 (± 0.5) s of each other; this was done prior to testing. The 20 m distance was 
also checked with a 30 m measuring tape. 
The value obtained from this test was then used to set the submaximal 'cruise' and 'jog' 
running speeds used in the main trial protocol (which is explained in section 3.4.1), 
using the formula and calculations presented in Appendix A6. The aim of this approach 
was to ensure that in the main trials subjects were exercising at a similar relative 
exercise intensity when performing shuttle running exercise. 
3.3.3. Determination of Training Status / Speed Lactate Test 
In the study described in Chapter IV each subject performed a 16 minute, 4-stage, 
submaximal, incremental treadmill test with duplicate capillary blood samples collected 
at rest and toward the end of each stage (a 'speed-lactate' test) (Fig. 3.1. ). All running 
took place on a motorized treadmill (Woodway, Germany) connected to a 
microcomputer which controlled the belt speed. 
The treadmill speeds varied. between the different subjects but were such that 
submaximal rates of work were elicited throughout the whole test; generally subjects 
began running at 2.25 m. s-I [5 miles per hour (mph) / 12 min miling] or 2.70 m. s-, [6 
miles mph / 10 min miling], with subsequent speeds increasing by 0.45 m. s-, [I mph] 
per increment. A subject's rating of perceived exertion (RPE) was noted toward the end 
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of each collection period using the 15 point Borg scale (Borg, 1962). Heart rate was 
continuously monitored throughout the test using short distance telemetry (Sport 
TesterTM, PE3000, Polar Electro Oy, Kempele, Finland; sampling frequency 15 s). 
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Fig. 3.1. Diagrammatic representation of the 'speed lactate' protocol 
used in the study described in Chapter IV. 
Expired air samples were collected using the Douglas bag method during the fourth min 
of exercise at each work load. Subjects breathed through a low resistance respiratory 
valve (Jakeman and Davies, 1979) and 30 min wide bore, low resistance tubing 
(Falconia flexible ducting, Baxter, Woodhouse and Taylor Ltd., Macclesfield, U. K. ) 
into previously evacuated 150 litre capacity Douglas bags (Plysu Protection Systems, 
Milton Keynes, U. K. ). The percentages of oxygen and carbon dioxide in each of the 
expired air samples was measured using a paramagnetic oxygen analyser (Model 570A, 
Sybron Taylor Ltd. ) and an infrared carbon dioxide analyser (Lira Model 303, Mines 
Safety Appliance Ltd. ). Each analyser was calibrated before each experiment using 
certified reference (nitrogen / oxygen-carbon dioxide) gases (CryoService Ltd., 
Worcester, U. K. ). The oxygen-carbon dioxide gas was also checked against a 'gold 
standard' reference gas to ensure the accuracy of the gas concentrations. The volume 
and temperature of the expired air were determined by means of a Harvard Dry Gas 
Meter (Parkinson - Cowan Ltd. ) which had been fitted with an electronic thermistor and 
logger (Edale Instruments Ltd., type 2984, Model Q. Barometric pressure was 
established using a Fortin barometer (F. D. and Company, Watford, U. K. ). Inspired 
gas volumes were calculated using the Haldane transformation, and oxygen uptake, 
carbon dioxide, minute ventilation and respiratory exchange ratio were all subsequently 
calculated. All gas volumes were corrected to STPD (standard temperature and pressure 
for a dry gas). 
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At the same time as the air sample was being collected subjects placed a hand lightly on 
one of the treadmill's safety rails and duplicate capillary blood samples were collected 
from the thumb of the subject. The relationship between the treadmill speed and oxygen 
uptake was always linear (r ý! 0.998). 
3.3.4. Direct Determination of Maximal Oxygen Uptake (VO2max ) 
In the study described in Chapter IV 50 min after the speed-lactate test had been 
completed subjects performed a maximal oxygen uptake (ý102max) test on a treadmill 
(Woodway, Germany). The test protoc ol was a modified version of that used by Taylor 
and colleagues (1955) [Fig. 3.2. ]. 
8.5% 
3.5% 
warm-up 
Time (min. ) 0 
Expired air samples 
Heart rate / 
Rate of perceived 
exertion 
Speed --o 
3 
I 
constant (e. g. 2.90 m. s-1) 
-00- 
Fig. 3.2. Diagrammatic representation of the maximal oxygen uptake 
protocol used in the study described in Chapter IV. 
After a5 min running warm-up and subsequent stretch subjects began running on the 
treadmill which was inclined at 3.5 %. The speed of the treadmill varied between 
subjects but remained constant throughout the test. The treadmill inclination increased 
every three min by 2.5 %. Subjects ran for as long as possible, but the careful selection 
of treadmill speeds led to most subjects reaching exhaustion in 8- 12 min. Expired air 
samples were collected toward the end of each stage and were analysed as described 
above. Heart rate was continuously monitored throughout the test via short distance 
telemetry (Sport TesterTm, PE3000, Polar Electro Oy, Kempele, Finland; sampling 
frequency 15 s) and RPE (Borg, 1962) was noted toward the end of each collection 
period. 
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Subjects kept running until they indicated they could exercise for 60 s and no longer 
and then the final expired air collection was made and the test ended. Maximal oxygen 
uptake was regarded as that achieved in the last min of exercise. The criteria used to 
establish that ý102max had in fact been achieved were volitional exhaustion, and at 
least three from the following list: a respiratory exchange ratio (RER) > 1.10; only a 
small increase in ý702 between the penultimate and final expired air sample (<0.15 
Lmin-I [Taylor et al., 1955]); RPE 19 / 20; heart rate 220 - age (± 10 beats. min-1); 
ventilatory equivalent for oxygen ('ýE. ý702-1) greater than 30. 
3.3.4.1. 'Calibration' of Treadmill 
Prior to the study described in Chapters IV the velocity of the unloaded treadmill belt 
was checked against the digital reading given by the treadmill display across a suitable 
range of speeds. The length of the treadmill belt was established prior to these 
measurements being made (5.235 m). The number of revolutions of the treadmill belt in 
60 s was assessed twice, and then the actual belt speeds were calculated. The results of 
these measurements are shown in Table 3.1. 
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Table 3.1. Treadmill calibration data 
Treadmill Speed 
Display Reading 
(M. s") 
Belt revolutions Distance covered 
per 60 s and calculated belt 
speed (m. s-') 
Error (%) 
of digital display 
2.25/2.26 
2.70 
3.16/3.17 
3.59/3.60 
4.04/4.05 
26 136.1 / 60 = 2.27 
31 162.3 / 60 = 2.70 
36.5 191.1 / 60 = 3.18 
41.5 217.3 / 60 = 3.62 
46.5 243.4 / 60 = 4.06 
3.3.5. Estimation of Body Fat 
-0.88 / -0.44 
0 
-0.63 / -0.32 
-0.84 / -0.55 
-0.50 / -0.25 
In the study described in Chapter IV skinfold measurements were used to assess body 
fat based on the method of Dumin and Womersley (1974). The equation of Siri (1961) 
was then used to calculate body fat. 
The skinfolds at four body sites were recorded: at the biceps, the triceps, the 
subscapular and the suprailliac. The standard biceps measuring site was at the half way 
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point between the acromion and the point of the elbow (the olecranon process), over the 
anterior aspect of the biceps muscle. The site was established with the arm bent at the 
elbow to 90% The measurement was made with the palm facing forward but the arm 
relaxed. The tricep measurement was taken with the hand relaxed, but with the palm 
facing inward. The skinfold site was exactly opposite the bicep site along the midline of 
the arm. The subscapular skinfold was taken at an oblique angle (45* to the horizontal) 
at the point marked by the inferior angle of the subscapular, effectively established by 
asking the subject to place their hand behind their back. The suprailliac measurement 
was taken vertically I cm above the, top of the hip along the mid-auxiliary line of the 
body. 
All measurements were carried out on the left hand side of the body (for standardization 
purposes) to the nearest 0.2 mrn using a set of John Bull skinfold callipers (British 
Indicators Ltd., U. K. ). During all assessments, a skinfold, approximately I cm above 
the marked body site, was taken between the fingers, and the callipers were placed on 
the skinfold and after 2sa value recorded. A specific time was usedin order to produce 
standardised results and because the outcome of leaving the callipers pinching the skin 
for a longer period is simply to squeeze water from the body compartments. Two 
measurements were made at each site and the mean of the values was used to estimate 
the body fat. 
3.3.6. Familiarization with the Main Trial Protocol 
In all studies, prior to their participation in the main trials, subjects were familiarized 
with a modified version of the Loughborough Inten-nittent Shuttle Test (subsequently 
referred to as the 'LIST' in this thesis), in ambient (15-17 *Q and hot environmental 
conditions (30-33 'Q. [The main trial protocol is described in detail in section 3.4.1 
and is shown in Fig. 3.3. ]. The familiarization sessions required subjects to perform 2 
sets of part A of the LIST in the respective environmental conditions (30 min of 
exercise). In the studies described in Chapters IV, V and VI subjects also performed 3 
or 4 repetitions of part B (4 min of exercise). 
3.3.7. Measurement of Muscle Function 
In the study described in Chapter VII the muscle function of subjects was assessed in 
the main trials using an isokinetic dynamometer (Cybex NormTM, Model 770, Lumex 
Inc., U. S. A. ). Subjects were familiarized (at least 2 sessions using left and right legs) 
with full range of movement concentric flexion and extension of the knee joint on the 
dynamometer. The protocol used in the familiarization and the main trials required 
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subjects to perform 3 'warm-up' repetitions at -50, -75 and 100 % of maximal effort at 
60 '. s-'. After a rest period of 10 s subjects then performed 3 maximal effort repetitions 
Following another 10 s rest 5 maximal repetitions at 180 '. s-' were completed. Subjects 
were seated during exercise and strapped at the waist and chest, with arms folded 
across the latter, to isolate as far as possible the knee extensors and flexors and 
minimize the contribution from any other muscle groups. The thigh and lower part of 
the working leg was strapped into position and the non-working leg was fixed against a 
support. Body position was established during the first familiarization trial such that the 
anatomical axis of the joint being tested was aligned with the axis of rotation of the 
dynamometer's lever arm. Data regarding the reproducibility of this type of exercise 
using this type of protocol are shown in Appendix AT 
3.4. Main Trial Protocol, Procedures and Measurements 
3.4.1. Main Trial Protocol 
In the main trials in the studies described in Chapters IV, V, VI and VII subjects 
performed a prolonged, intermittent, high-intensity shuttle running test, in hot (HT) 
(30-33 *Q and moderate (MT) (15-17 'Q environmental conditions (Chapters IV, VI 
and V71), or in hot conditions only (Chapter V). The test was a modified version of the 
Loughborough Intermittent Shuttle Test (LIST) developed by Nicholas et al. (1995). 
Data regarding the reproducibility of this type of exercise using this type of protocol are 
shown in Appendix A10. A diagrammatic representation of the protocol is presented in 
Fig. 3.3. Subjects followed the walk, sprint, run ('cruise') and 'jog' pattern of 
exercise, shown in detail in Fig. 3.3a for 15 min (forming one 'set' of exercise). 
Subjects were allowed 13 s to complete each of the three 20 in walks, the sprint was 
maximal, and the intensity of the cruise and jog phases of the test was set relative to an 
individuals maximal aerobic power as estimated on the progressive multistage shuttle 
run test (Appendix A6). The average intensities of the cruise and jog phases in the 
studies were 90 / 45 %, 77 / 41 %, 75 / 40 % and 85 / 45 % of estimated 'ý02max in 
Chapters IV, V, VI and VII respectively. Each set of exercise was followed by a3 min 
(Chapters IV, VI and VII), or 4 min (Chapter Vý rest period. In the studies described in 
Chapters IV, V and VI subjects completed 5 sets of exercise, if they were able, which 
formed part A of the modified LIST; and then, after a further 3 or 4 min rest period, 
embarked on part B of the test. In Part B (Fig. 3.3b) subjects ran for 60 s (at a pace 
equivalent to 100 % of estimated ý102max) and rested for 60 s until exhaustion, or 
until rectal temperature exceeded 39.5 T, or until other exertional factors led 
investigators to believe they were in distress. On these occasions subjects were taken to 
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a cool room. In the study described in Chapter VII subjects did not perform part B of 
the test and continued the part A exercise: rest pattern until exhaustion. In this study the 
withdrawal criteria were the same as those described above for the other studies, except 
that the rectal temperature limit was 40 T. 
3.4.2. Main Trial Procedures 
In all studies (and familiarization sessions) the intennittent exercise took place in a 
gymnasium (-25 x -15 x -10 m) on a flat, non-slippery, wooden floor. Two taped 
lines delimited the 20 m distance which formed the basis of the LIST. Another tape- 
strip set 10 m from these lines indicated the half way distance. The distances were 
verified using a 30 m measuring tape. The distance between the photoelectric light cells 
(RS Components Ltd., Corby, U. K. ) used to measure the 15 m sprint times during the 
LIST was confirmed in the same way. A diagrammatic representation of the layout of 
the gymnasium during a study is given in Fig. 3.4. 
For all studies subjects reported to the laboratory adjacent to the gymnasium on the 
morning of a main trial 12 h after their last meal. Trials for a particular individual were 
carried out at the same time of day to control for circadian influences. In the 2 days 
preceding their first trial subjects followed their normal diet. This was either recorded in 
terms of average food portions (Chapters IV) or weighed and recorded (Appendix A 8) 
and repeated prior to the remaining trial (Chapters IV, VII) or trials (Chapters V and 
VI). Subjects refrained from alcohol and intense physical activity 24 and 48 h 
respectively before each trial. 
Having voided, nude body mass was measured (Model 3306ABV, Avery Industrial 
Ltd., Leicester, U. K. ). A 18 gauge / 45 mm cannula (Venflon 2, BOC Ohemeda AB, 
Helsingborg, Sweden) was then inserted into an antecubital or forearm vein of a subject 
under local anaesthetic (Lignocaine hydrochloride I% w/v, Antigen pharmaceuticals 
Ltd., Roscrea, Ireland). A similar site was used for each subject in their remaining trial / 
trials. The cannula was kept patent with sterile saline solution (Sodium chloride 0.9 % 
w/v, Antigen pharmaceuticals Ltd., Roscrea, Ireland). After insertion of the cannula 
subjects were allowed to rest for 10 min and then stood up when they felt capable of 
doing so. Fifteen min after cannulation, during which time subjects remained standing, 
a 'resting' blood sample was collected. In the study described in Chapter VII subjects 
then laid on an examination couch and a resting muscle biopsy from muscle vastus 
lateralis was collected. 
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Following insertion of a rectal probe (Edale Instruments Ltd., Cambridge, U. K. ) to a 
depth of 10 cm beyond the anal sphincter, subjects moved into the gymnasium. After a 
resting rectal temperature was recorded, subjects performed a standard warm-up of 
jogging, stretching and faster pace running for 15 min. 
During this period a prescribed volume of water [4 ml. kg-1 body mass] Chapters IV, VI 
and V11) or fluid ([6.5 ml. kg-1 body mass] Chapters V) was drunk to encourage 
subsequent drinking and ensure an initial volume of water or fluid was placed in the 
stomach to facilitate gastric emptying. 
Subjects then began the modified LIST, The same experimenters were responsible for 
conducting the trials in a particular study. During each trial investigators ensured that 
subjects placed at least one foot on or over the lines delimiting the 20 in distance at each 
end of the gymnasium. Subjects were able to gauge their required running speeds and 
exercise intensity by following the amplified audio signals generated from a 
microcomputer (BBC model B). Experimenters ensured subjects kept pace with the 
audio signals from the computer and reminded the subjects immediately prior to each 
sprint to perform it maximally and thereafter encouraged them to do so. The 
experimenters also continually provided subjects with information about the type of 
exercise required during the next 20 in (such as "walk", "sprint", "cruise" or "jog"). 
The experimenters gave the same verbal cues to all subjects. Fifteen metre sprint times 
were measured using 2 infra-red photo-electric cells (RS Components Ltd., Corby, 
UK) connected to the microcomputer. 
During the main trials subjects drank water ad libitum, except where a prescribed 
volume of fluid was ingested (4.5 ml. kg-I body mass per 19 min, Chapter V) or where 
no fluid was drunk (the no fluid trials in Chapter VI). 
3.4.2.1. Raising the Environmental Temperature in the Gymnasium 
During the hot trials in all the studies the temperature in the gymnasium was raised to 
the appropriate level by means of four electric fan heaters (Andrews DE65, Andrews 
Industrial Equipment Ltd., Nottingham, U. K. ) placed in the comers of the gymnasium, 
and by means of an externally vented gas heater (Andrews IG175, Andrews Industrial 
Equipment Ltd., Nottingham, U. K. ) placed at a mid-point in the hall (see Fig. 3.4. ). 
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3.4.3. Main Trial Measurements 
3.4.3.1. Measurement of Environmental Conditions 
A whirling hygrometer (Brannan Thermometers Ltd., Cumberland, U. K. ) was used to 
measure atmospheric dry and wet bulb temperatures. This was done at 3 set positions 
along the length of the gymnasium between min 1-4,7- 10 and 12-15, of each exercise 
set and following rest period, in part A of the LIST. In part B of the test the 
measurements were made between min 1-4 of every 5. From these measurements 
relative humidity was calculated using a formula from Parsons (1993) and a spreadsheet 
(Appendix A9). 
3.4.3.2. Measurement of Rectal Temperature 
Rectal temperatures were measured using a probe and logger (Edale Instruments Ltd., 
Cambridge, U. K. ) during the 4 th and 8 th cycle of each set of part A of the LIST, and 
in the 3 (Chapters IV, VI and VII) or 4 (Chapter V) min period between sets, and 
between part A and B of the test (Chapters IV, V and VI), and at exhaustion (all 
studies). When rectal temperatures were measured during exercise subjects remained 
stationary and only walked for 20 rn in that cycle (compared with 60 m when 
temperature was not being measured). During part B of the test rectal temperature was 
measured in every rest period. 
3.4.3.2.. l 'Calibration' of Probes 
The accuracy of the readings given by the rectal probes and thermometers employed 
during the studies was ensured prior to their use by cross-checking the values given by 
them in a water bath (temperature range 37 to 40 *Q with those given by a thermometer 
(Table 3.2). 
Just prior to each main trial, and at 15 min intervals during experiments, the measuring 
thermometer (into which the connecting plug from the rectal probe was placed) was 
'calibrated'. 
Prior to testing (and 'calibration') individual probes and loggers were labelled and, 
wherever possible, subject rectal temperature during a series of trials was always taken 
using the same probe and logger. 
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Table 3.2. Readings given by rectal probes and loggers, prior to the 
study described in Chapter VII, when exposed to water at various 
temperatures in a bath. 
Probe Thermometer Logger Logger Logger 
temperature 123 
36.8 *C 3 6.8 T 36.8 *C 3 6.8 'C 
39.8 T 39.8 T 39.8 T39.8 T 
4 36.8 *C 36.8 T 36.8 T 36.8 *C 
439.8 T 39.8 T 39.8 T39.8 T 
736.7 'C 36.7 *C 36.7 T 36.7 *C 
7 39.7 *C 39.7 *C 39.7 T 39.7 *C 
36.75 T 36.75 'C 36.75 *C 36.75 T 
39.75 T 39.75 T 39.75 c 39.75 T 
3.4.3.3. Heart Rate and Rating of Perceived Exertion 
Heart rate was continuously monitored throughout all main trials using short range 
telemetry (Sport TesterTM, PE3000, Polar Electro, Oy, Kempele, Finland; sampling 
frequency 15 s). Rating of perceived exertion was recorded prior to the 9 th sprint in 
each exercise set using the Borg scale (1962). 
3.4.3.4. Estimation of Sweat Rate 
Sweat rates were estimated from pre- and post-exercise nude body mass measurements 
correcting for fluid intake. It was assumed that I litre of fluid was equivalent to I kg. 
3.4.3.5. Blood Pressure Measurement 
In the studies described in Chapters V and VI blood pressure [BP] was measured 
during the main trials using an automatic monitor (Dinamapýlm Vital Signs Monitor 
1846, Critikon). In Chapter V all measurements were taken in- the standing position. 
Subjects were asked to remain as still as possible. Measurements were made pre- and 
post-exercise, and in the 4 min periods between the sets and between part A and B of 
the LIST. In Chapter VI supine and erect blood pressure was measured in each subject 
24 h before each of the main trials and immediately following exhaustion. The supine 
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measurement was made first, after an individual had been lying for 10 min. Subjects 
then stood upright and erect BP was established approximately 60 s later, which was 
the time taken by the monitor to make the measurement. Mean arterial blood pressure 
(MAP) was calculated as 60 % of the diastolic pressure plus 40 % of the systolic 
pressure (Guyton and Hall, 1996). 
3.4.3.6. Measurement of Muscle Temperature 
In the study described in Chapter VII muscle temperature was measured immediately 
after each biopsy using a 24 gauge hypodermic temperature probe (YSI 524, Yellow 
Springs Instrument Co., Inc., Ohio, U. S. A. ) inserted to a depth of 4 cm through a hole 
made with an 18 gauge hypodermic needle (Sabre). The hole was made close to, and at 
the same time as the muscle sample incisions. Muscle temperature was measured 
immediately after each muscle biopsy was taken. 
3.5. Blood and Muscle Collection, Treatment, Storage and Analysis 
3.5.1. Blood Sample Collection, Treatment and Storage 
In the study described in Chapters IV samples of capillary blood were collected from 
the thumb of subjects during the speed-lactate testing (section 3.3.3. ). An Autoclix 
automatic lancet (Boehringer Mannheim U. K. Ltd., Lewes, U. K. ) was used to pierce 
the skin and duplicate 20 ýd volumes of blood were collected into non-heparinized micro 
pipettes (Accupette Pipettes, Baxter Healthcare Corporation, U. S. A. ). These volumes 
were then immediately deproteinised in niicrocentrifuge tubes (Sarstedt Ltd., Leicester, 
U. K. ) containing 200 gl of cold 0.4 mol-I (2.5 %) perchloric acid. The samples were 
then centrifuged (Eppendorf-Anderman Centrifuge 5414, Germany) at 13000 revs for 2 
min, and stored at -20 T for subsequent analysis of lactate concentration (section 3.5.2 
and Appendix B). 
In all studies venous blood samples were obtained via an indwelling cannula (18 gauge 
/ 45 mm cannula, Venflon 2, BOC Ohemeda AB, Helsingborg, Sweden), inserted into 
an antecubital or forearm vein under local anaesthetic (Lignocaine hydrochloride I% 
w/v, Antigen pharmaceuticals Ltd., Roscrea, Ireland), at pre-determined time points 
during the main trials. The cannula was connected to a three-way stopcock (Connecta, 
BOC Ohmeda AB, Helsingborg, Sweden). A sterile, non-heparinized saline solution 
(B. Braun Medical Ltd., Buckinghamshire, U. K. ) was used to keep the cannula patent. 
Ten (Chapters IV, V and VI) or 12 ml (Chapters V. 11) samples of venous blood were 
I 
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drawn into appropriately sized syringes (Becton-Dickinson, Oxford, U. K. ) and the 
blood was immediately dispensed into collection tubes (Sarstedt Ltd., Leicester, U. K. ). 
All samples were taken in the standing position because changes in posture may 
influence plasma volume (Harrison 1985; Rowell, 1993) 
In the studies described in Chapters IV, V and VI each 10 ml of venous blood was 
divided into three aliquots: 1.5 ml was placed into a Ca2+ heparinized (20 U. ml-') 
microcentrifuge tube (Sarstedt Ltd., Leicester, U. K. ), 4.5 ml was dispensed into a 
potassium ethylenediamine tetraacetic acid (anticoagulant) coated (EDTA) tube and 4 ml 
into a serum tube. The 1.5 ml was then immediately centrifuged at 13000 revs for 3 min 
(Eppendorf-Anderman Centrifuge 5414, Germany), the supematent then drawn off and 
stored at -70 *C for later determination of plasma ammonia concentration (section 3.5.2 
and Appendix B). The EDTA tube was gently mixed and duplicate 20 gl volumes of 
blood were collected, deproteinised in 200 gl of cold 0.4 mol. l-' perchloric acid, and 
stored at -20 *C, for subsequent analysis of lactate, and of glucose. Further small 
aliquots from the EDTA tube were used for determination of haernatocrit and 
haernoglobin concentration (section 3.5.2 and Appendix B). The remaining blood from 
the EDTA tube was then immediately centrifuged for 15 min at 60PO rpm at -3 *C 
(Koolspin, Burkard Scientific Ltd., Uxbridge, U. K. ). The plasma was then dispensed 
into microcentrifuge tubes (Sarstedt Ltd., Leicester, U. K. ) and stQred at -20 'C for later 
analysis. The blood in the serum tube was left to coagulate for 60 min before it was 
centrifuged as described above. The serum was then stored at -70 *C for later analysis. 
The plasma and serum were stored in aliquots of 0.7 to I ml to minimize any effects of 
freezing. 
The 12 ml samples of blood collected in the study described in Chapter VII were treated 
in a similar way to that noted above, except only two aliquots were dispensed from the 
original volume (no blood was removed for ammonia determination), and a 6.5 ml 
aliquot was dispensed into the EDTA tube. After centrifugation of the EDTA tube, as 
above, plasma was dispensed into microcentrifuge tubes (Sarstedt Ltd., Leicester, 
U. K. ) and stored at -20 *C for later analysis. However, in addition a 1.5 ml aliquot of 
plasma was drawn off and placed in a tube containing antioxidant (EGTA / 
Glutathione); the two were mixed and the sample stored at -70 'C for later determination 
of catecholamine concentrations (section 3.5.2 and Appendix B). 
3.5.2. Blood Sample Analysis 
Unless otherwise stated the analyses described here were carried out in the 
Biochemistry Laboratory of the Department of Physical Education, Sports Science and 
Chapter III General Methods 
Recreation Management at Loughborough University. The insulin (Chapter V) and 
cortisol (Chapter VII) measurements were made in the Genetics Laboratory of the 
Human Sciences Department at Loughborough University. 
In all studies haernatocrit was determined in triplicate. Venous blood was collected in 
small bore tubes and these were then centrifuged for 15 min (micro-haematocrit 
centrifuge, Hawksley and Sons Ltd, Lancing, U. K. ). The haematocrit portion of the 
blood sample was subsequently established using a micro-haernatocrit reader 
(Hawksley and Sons Ltd., Lancing, U. K. ) [Appendix B]. In addition, haemoglobin 
concentration was established spectrophotometrically (Digital Grating 
Spectrophotometer Series 2, Model CE393, Cecil Instruments Ltd, Cambridge, U. K. ), 
in duplicate 20 ýd volumes of blood using the cyanmethaemoglobin method (Appendix 
B). Changes in plasma volume (%) were estimated using the method of Dill and Costill 
(1974). 
In the studies described in Chapters IV, V and VI plasma ammonia concentration was 
determined spectrophotometrically (Digital Grating Spectrophotorneter Series 2, Model 
CE393, Cecil Instruments Ltd, Cambridge, U. K. ) using a commercially available kit 
(MPR I Ammonia, Boehringer Mannheim U. K. Ltd., Lewes, U. K. ) [Appendix B]. 
Analysis was carried out within 24 h of collection of the sample. Previous work 
(Tsintzas and Wilson, unpublished observations) showed that plasma ammonia 
concentrations in a sample frozen at -70 *C were stable for at least 48 h after collection. 
In all studies blood glucose concentration was determined spectrophotometrically 
(Digital Grating Spectrophotometer Series 2, Model CE393, Cecil Instruments Ltd, 
Cambridge, U. K. ) using a commercially available kit [Perid Glucose, Boehringer 
Mannheim U. K. Ltd., Lewes, U. K. ] (Appendix B). 
In all studies blood lactate concentration was established using a enzymatic, 
fluorometric method described by Maughan (1982) (Appendix B). A Locarte 
Fluorimeter (Model 8-9, Locarte, London, U. K. ) was used to measure fluorescence. 
In the studies described in Chapters IV, V and VI non-esterified free fatty acids 
concentrations were measured using an enzymatic colourimetric procedure on an 
automated centrifugal analyser (Cobas Bio, Roche Diagnostic Systems, Welwyn 
Garden City, U. K. ), and a commercially available kit (NEFA C ACS-ACOD Method, 
Wako Chemicals GmbH, Germany) [Appendix B]. 
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In Chapter VI serum osmolality was determined using freezing point depression on a 
(Osmomat 030, GONOTEC), and serum sodium (Na+) and potassium (K+) 
concentrations were established using flame photometry (480 Flame photometer, 
CORNING). 
In Chapter V serum insulin concentration was determined using a solid-phase 1251odine 
radioimmunoassay (Coat-A-Count 'Insulin', EURO / DPC Ltd., Caemarfon, 
U. K. )[Appendix B]. An automated gamma counter (Cobra 11, Packard Instrument 
Company Inc., U. S. A. ) was used to quantify the radioactivity. 
In Chapter VII serum cortisol concentration was measured using the same methodology 
as that described above for insulin (Coat-A-Count Tortisol', EURO / DPC Ltd., 
Caernarfon, U. K. ). 
In the study described in Chapter VI the growth hormone and cortisol concentrations 
were determined at the Department of Anaesthesia and Intensive Care Medicine, St. 
Georges Hospital Medical School, University of London, by Prof. George Hall and his 
staff. Growth hormone was measured using a kinetic enzyme immunometric assay 
(MileniaTm, Euro-DPC Ltd., Glyn Rhonwy, Gwynedd, Wales). 
In the study described in Chapter VII plasma adrenaline and noradrenaline 
concentrations were measured by Prof. Ian Macdonald and his staff at the School of 
Biomedical Sciences, University of Nottingham, Medical School by high performance 
liquid chromatography with electrochemical detection (Forster et al. 1991). 
3.5.2.1. Coefficient of Variations for Blood Sample Assays 
The coefficients of variation for the various blood sample assays used in this thesis 
were calculated using the following formula and are presented in Table 3.3: The 
coefficients of variation were calculated from 10 repeated measurements on a human 
blood, plasma or serum sample collected during exercise. 
Coefficient of Variation (CV) (100*standard deviation) / sample mean I% 
(Cohen and Holliday, 1982) 
3.5.3. Muscle Sample Collection, Treatment and Storage 
In the study described in Chapter VII muscle biopsies were obtained from the vastus 
lateralis muscle using the needle biopsy technique (Bergstrom, 1962) with suction 
applied. The vastus lateralis was chosen as it is easily accessible, and is free of major 
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blood vessels and nerves. Muscle biopsies were taken by Mr. Leslie Boobis 
(Sunderland Royal Hospital). 
There does appear to be some debate as to the extent of the usage of the quadriceps 
during running. Costill (1988) suggests that greater quantities of glycogen were used 
from the plantar flexion muscles (gastrocnemius and soleus) during running (2 hours of 
uphill, downhill and level treadmill running) than was used in the quadriceps. 
However, kinesiological analysis would seem to support the notion that the quadriceps 
is heavily used during running (Hamill and Knutzen, 1995), and based on previous 
studies in the laboratories of the Department of Physical Education, Sports Science and 
Recreation Management at Loughborough University (Tsintzas et al., 1996), very low 
concentrations of glycogen are found in the vastus lateralis following running to 
exhaustion. Also, based on verbal feedback from subjects during such trials the major 
muscle soreness is in the quadriceps. Therefore, the vastus lateralis would seem to be a 
suitable site for analysing the impact of hot environmental conditions on muscle 
metabolism during intermittent running exercise. 
Table 3.3. Within batch coefficients of variation for blood sample assays. 
Metabolite n Mean ± Standard Coefficient of 
Deviation Variation (%) 
Plasma Ammonia 10 
Blood Glucose 10 
Blood Lactate 10 
Free Fatty Acids 10 
Serum osmolality 10 
Serum sodium 10 
Serum potassium 10 
Serum insulin 10 
85 pmol. l-' 7 8.2 
4.1 mmol. l" 0.07 1.7 
5.2 mmol. l-' 0.11 2.1 
0.32 mmol. l-' 0.005 1.6 
290 mOsmol. kg-' 1.4 0.5 
140 mmol. l" 1.0 0.7 
4.22 mmol. l-' 0.05 1.2 
12.2 plU. ml-' 1.1 9.0 
After placement of a venous cannula and collection of a standing resting blood sample 
(see section 3.4.2) subjects laid on an examination couch. Two (hot trial) or three 
(moderate trial) separate incisions were then made through the skin and muscle fascia 
under local anaesthetic (5 n-fl of 1% lignocaine per site, Lignocaine hydrochloride I% 
w/v, Antigen pharmaceuticals Ltd., Roscrea, Ireland), on the central portion of the 
vastus lateralis, mid-way between the hip and the knee. Incisions in a particular trial 
were made on one leg only, and in the subsequent trial the other leg was used. Five of 
the 9 subjects had their right leg biopsied in the first trial (the hot trial), four subjects 
their left. A 'resting' muscle sample was then taken through one of the incisions. The 
Chapter III General Methods 
remaining incision/s were used to obtain the post-exercise sample/s. It took 37 ±4s to 
transfer the subject from the gymnasium following the cessation of exercise, to the 
examination couch and collect the biopsy and place it in liquid nitrogen. After removal 
of the biopsy needle from the leg it was immediately snap frozen in liquid nitrogen. The 
muscle sample was then removed from the needle, stored in plastic screw-top tubes and 
maintained in liquid nitrogen until all the samples from the study had been collected. 
The approximate size of the samples was 30 - 100 mg. The samples were then freeze- 
dried (Modulyo 4K Freeze Dryer, Edwards High Vacuum International, U. K. ) and 
stored in plastic screw-top tubes surrounded by desiccant (silica gel) at -70 T until 
subsequent analysis. 
3.5.4. Muscle Sample Analysis 
After defrosting, 1 ml of petroleum ether was added to each muscle sample to remove 
any fat and blood present. Each tube was thoroughly mixed using a whirlimixer 
(Fisons, Loughborough, U. K. ) and then the ether was drawn off carefully using 1000 
and 200 gl pipettes (Pipetman, Gilson Medical Electronics, France). The process was 
repeated. The tube was then left open in a fume cupboard (for -60 minutes) until the 
sample was completely dry (a dried sample looked whiteish in colour). Following this 
procedure all the visible blood and connective tissue was dissected out of the freeze- 
dried muscle, which was then homogenized using an agate pestle and mortar. An 
electrical balance, accurate to 0.01 mg, was then used to weigh the samples, which 
were then stored in plastic screw-top tubes surrounded by desiccant (silica gel) at -70 
C. 
3.5.4.1. Extraction Procedure 
Muscle metabolites were extracted from the powder in the following way: 
" Powdered muscle samples were defrosted at room temperature for -60 min. 
" Samples were then spun down for -60 s at 14,000 rpm (Eppendorf-AnderMan 
Centrifuge 5414, Germany) to ensure the muscle powder was at the bottom of the 
tube. 
0 100 VI of 0.5 mol. 1", I mmol. l" EDTA solution was added per I mg of muscle 
powder to the eppendorf tube. Samples were kept on ice. 
0 Samples (batches of 8-10 maximum) were then vortexed very gently for 20 s, and 
then returned to the ice. This 'vortex-ice' procedure was continued for 10 min. 
0 Samples were then spun for 60 s at 14,000 rpm (Eppendorf-Anderman Centrifuge 
5414, Germany). 
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0 The supernatant was then removed from the tube, using a pipette as the exact 
volume needed to be known, and placed in a new screw-top tube. The tube with the 
muscle pellet was kept for later analysis of acid insoluble glycogen. 
0 25% of the supernatant volume of 2.1 mol. l" KHC03 was added to the 
supernatant. This neutralised the extraction solution but C02 was liberated. The 
tube was vortexed gently and left on ice for 5 min with the top loose to allow the 
C02 to escape. 
* Samples were then spun for 60 s at 14,000 rpm (Eppendorf-Anderman Centrifuge 
5414, Germany). 
0 The clear supernatant was decanted into new screw top Eppendorfs tubes, ready for 
use in subsequent assays. 
3.5.4.2. Mixed Muscle Metaholite Assays 
Muscle metabolites (adenosine triphosphate (ATP), phosphocreatine (PCr), creatine 
(Cr)) were extracted and determined enzymatically as described previously (Lowry and 
Passoneau, 1972; Harris et al. 1974). Total mixed muscle glycogen concentration was 
determined by adding acid-soluble and acid-insoluble concentrations. These were 
assayed (Jansson, 1981) following hydrolysis in I mol. 1-1 hydrochloric acid. (see 
Appendix Q. 
The buffers, co-factors, (Grade 1) and enzymes used in the analysis were acquired 
commercially (Boehringer Mannheim U. K. Ltd., Lewes, U. K. and Sigma-Aldrich 
Company Ltd., Poole, U. K. ). All reagents were diluted using double-distilled water. 
Standards were prepared prior to the analysis using Grade-I chemicals. The molarity of 
the standards was established spectrophotometrically, based on the coefficient of 
extinction of NADH/NADPH (Appendix C), and, if necessary, metabolite 
concentrations were adjusted relative to these values. The concentrations of metabolites 
were established using the standard curve regression equation (standard curves were 
always linear, r ýý 0.998), and accounting for double distilled water blanks, extract 
blanks, standards and dilution factors. One n-d of extract was equivalent to 8 mg of 
muscle powder. Muscle metabolite concentrations (except lactate) were corrected to an 
individual's mean total creatine content (sum of PCr+Cr). This was done in order to 
account for errors in concentrations which might have occurred due to differing 
quantities of blood, connective tissue or fat which might have been present in the 
different muscle samples, and because the total creatine content in muscle should not 
:1 
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change during exercise. All muscle metabolite concentrations are expressed in mmol. kg 
dry wt-1 
3.5.4.3. Coefficients of Variation for Muscle Sample Assays 
Table 3.4 shows the coefficients of variation for the metabolites investigated in Chapter 
VIL The coefficients of variation were calculated from 10 repeated measurements on 
muscle extract and a muscle pellet obtained from human vastus lateralis, and therefore 
does not include the variation which may occur because of weighing errors. 
Table 3.4. Within batch coefficients of variation for muscle sample assays. 
Metabolite n Mean :k Standard Coefficient of 
(mmol. kg dry wt-1) Deviation Variation (%) 
ATP 10 25.1 1.1 4.6 
PCr 10 84.8 2.5 2.9 
Cr 10 41.5 1.6 3.9 
AI Glycogen 10 208.1 4.9 2.4 
AS Glycogen 10 121.6 3.7 3.0 
Lactate 10 6.1 0.2 2.9 
ATP = Adenosine triphosphate; PCr = Phosphocreatine; Cr = Creatine; AI Glycogen 
= acid insoluble glycogen; AS Glycogen = acid soluble glycogen 
3.5.4.4. Pipette 'Calibration' 
Prior to undertaking assays the pipettes used to dispense reagent and sample volumes 
(Gilson Pipetman [Gilson Medical Electronics, France], Gilson Microman [Gilson 
Medical Electronics, France] and Microlab Plus 1000 [Hamilton Bonaduz AG, 
Switzerland]) were 'calibrated' using the gravimetric method. Ten samples of distilled 
water were dispensed and measured using the particular pipettes. The mean, standard 
deviation and coefficient of variation were calculated, and corrections were made for the 
temperature of the water, which had been measured during the dispensing procedure 
using a thermometer. Coefficients of variation were always less than 2.0 and 1.5 % for 
the reagent and sample volumes respectively. 
3.6. Statistical Analysis 
A variety of statistical procedures were used to analyze the results presented in Chapters 
IV, V, VI and V11. One, two and three way analysis of variance, post-hoc Tukey test, 
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correlated t-test and Pearson product moment correlation coefficient were among the 
procedures used to establish if any significant differences existed between subject 
response (in terms of a variety of physiological and metabolic parameters) to the 
performance of the LIST under the various experimental conditions. A more detailed 
description of the procedures used in each study is given in the appropriate chapter. 
Data are presented as means and standard error of the mean (SEM), and are based on 
the subject populations stated. 
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Chapter IV 
Ph siological and metabolic responses offemale games and y 
endurance athletes to prolonged, intermittent, high-intensity 
running at 30 and 16 'C 
4.1. Introduction 
The detrimental effects of hot environmental conditions on performance of prolonged, 
submaximal exercise are well established for male subjects (Adams et al., 1975; 
Galloway and Maughan, 1997; Suzuki, 1980). However, there is a dearth of 
information about female subjects and, in addition, many sports (among them field 
hockey, rugby and soccer) require men and women to perform short periods of 
maximal exercise, lasting perhaps a few seconds, interspersed with longer spells of rest 
or lower intensity activity (Williams, 1990). Recent studies have examined the 
physiological and metabolic responses to 'maximal intermittent exercise' in temperate 
environments (Hamilton et al., 1991a; Holmyard et al., 1988; Nicholas et al., 1995), 
but only one study has examined the responses to such intermittent running exercise in 
the heat (Morris et al., 1998a). 
A further area which has been little investigated is the effect of different types of 
training in temperate environments on the responses to exercise in the heat. It has been 
shown that interval training in a temperate environment improves performance of a 
standard prolonged treadmill walking test in hot conditions in non-acclimatized, 
previously untrained individuals (Gisolfi and Cohen, 1979). Well-trained endurance 
runners show even better thermal tolerance (Gisolfi and Cohen, 1979). The thermal 
tolerance appears to result from the adaptation of the body to core temperatures elevated 
for sufficient duration by exercise in temperate conditions (Gisolfi and Cohen, 1979).. It 
is not known whether intermittent activity in a temperate environment, as typically 
undertaken by games players in the majority of their training sessions, can induce 
exercise-heat tolerance as effectively as the prolonged submaximal and interval training 
undertaken by endurance athletes. 
Therefore, the purpose of the present study was to examine the performance, thermal 
and metabolic responses of females to a prolonged, intermittent, high-intensity shuttle 
running test (LIST), which provides a realistic representation of the physiological 
demands typical of the multiple sprint sports, in hot (30 'Q and moderate (16 'Q 
environmental conditions. A further aim was to investigate if responses differed 
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between endurance athletes and individuals who were not exclusively endurance trained 
(games players). 
It was hypothesized that performance of the LIST would be significantly altered by the 
heat stress, but despite their different training backgrounds the decrement in 
performance would not be different between the athletic groups. 
4.2. Methods 
4.2.1. Subjects 
Sixteen well-trained female athletes (8 games players [GP] and 8 endurance athletes 
[EA]) volunteered for the study. The physical characteristics of the GP and EA groups 
are presented in Table 1. A questionnaire completed prior to the study indicated that all 
subjects fulfilled the selection criteria of 'training' at least 3 times per week (usually 4- 
7 times), and if they were a games player, being involved in I match. 
Table 4.1. Physical characteristics of the female games players (GP) and 
endurance athletes (EA) who participated in the study. 
GP EA 
(mean ± SEM) 
Age (years) 20.7 ± 0.4 22.1 ± 1.0 
Height (cm) 165.3 ± 2.0 167.1 ± 1.8 
Mass (kg) 61.6 ± 1.6 56.4 ± 1.7 b 
Body fat (%) 24.0 ± 1.3 21.0 ± 1.7 
'ý02max (ml. kg-l. min-1) 50.8 ± 0.9 56.3 ± 2.2 a 
(treadmill data) 
a, P<0.05, b, P<0.01, significantly different from games players. 
4.2.2. Preliminary Measurements 
A series of preliminary tests were completed prior to the main trials. A 16-min 
incremental speed-lactate test was used to determine the relationship between blood 
lactate concentration and ý102 and treadmill running speed. Maximal oxygen uptake 
values were measured using an incremental, uphill treadmill test to exhaustion (Taylor 
et al., 1955) using the Douglas bag method. Maximal oxygen uptake (ý102max) was 
also estimated using a progressive multistage shuttle run test (Ramsbottom et al., 
1988). (A detailed description of the tests is given in sections 3.3.2,3.3.3, and 3.3.4 
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in the General Methods Chapter). Individuals were also familiarized with the LIST and 
were required to perform 2 sets of part A and 3 or 4 repetitions of part B at 30 T which 
took at least 42 min to complete. 
4.2.3. Experimental Procedures and Protocol 
Subjects performed a prolonged, intermittent, high-intensity shuttle running test (LIST) 
in two environmental conditions: hot (30 *Q and moderate (16 *Q. The test was a 
modified version of the Loughborough Intermittent Shuttle Test reported by Nicholas et 
A (1995). All exercise took place over a marked 20 rn distance in a gymnasium and 
consisted of a part A followed by a part B (Fig. 3.3). In part A subjects repeated a 
walk, sprint, run ('cruise' 190 0/0 Of ý102max]) and jog [45 % of 1ý02max] pattern of 
exercise. The pattern was repeated 11 times forming one 'set' of exercise. Each set took 
15.0 ± 0.1 min to complete. Five sets were completed in part A, each followed by a3 
min rest period. In part B subjects ran for 60 s (at a pace equivalent to 100 % of their 
predicted ý702max) and rested for 60 s until exhaustion, or until rectal temperature 
reached 39.5 *C, or until other exertional factors led investigators to believe they were 
in distress. On these occasions subjects were taken to a cool room. 
4.2.4. Main Trials 
The general procedures adopted in all the studies in this thesis during the main trials 
were the same and are described in detail in section 3.4.2. Briefly, subjects reported to 
the laboratory adjacent to the gymnasium on the morning of a mairutrial, 12 h after their 
last meal. All the experiments in this study were carried out in the morning to control 
for circadian influences. In the 2 days preceding their first main trial subjects followed 
their normal diet. This was recorded in terms of average food portions and they were 
required to consume the same diet during the two days prior to the second trial. After 
insertion of a rectal probe (Edale Instruments Ltd., Cambridge, UK) and an 18 gauge / 
45 mrn cannula (Venflon 2, BOC Ohemeda AB, Helsingborg, Sweden), a resting 
blood sample was collected (10 ml). Subjects then moved into the gymnasium and, 
after a resting rectal temperature was recorded, performed a standard warm-up. A 
prescribed volume of water (4 ml. kg-1 body mass [BM]) was drunk during the warm- 
up. Subjects then began the LIST and continued until exhaustion. Subjects were 
allowed to drink water ad libitum throughout each main trial. 
The same experimenters were responsible for conducting all the trials and investigators 
ensured subjects performed the exercise protocol in the appropriate manner. 
-79- 
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Atmospheric dry and wet bulb temperatures (whirling hygrometer, Brannan 
Thermometers Ltd., Cumberland, UK), heart rate (Sport TesterTM, PE3000, Polar 
Electro Fitness Technology, Kempele, Finland; sampling frequency 15 s), rating of 
perceived exertion (Borg scale, 1962), and rectal temperature (Edale Instruments Ltd., 
Cambridge, UK) were measured during exercise. A 10 ml blood sample was collected 
from each subject between the sets of exercise in part A of the test, before part B and at 
exhaustion. 
Two weeks on average (14 -± I days) elapsed between the performance of the LIST in 
the two environmental conditions (order randomly assigned). 
4.2.5. Blood Sampling and Analysis 
The blood sampling collection, treatment and storage procedures used in this study are 
described in detail in section 3.5. However, in summary duplicate 20 PI capillary blood 
samples were collected during the speed-lactate test and analysed for lactate using a 
fluorometric method (Maughan, 1982). Lactate and glucose concentrations were 
determined on deproteinised venous blood collected during the main trials. Glucose 
was analysed spectrophotometrically using a commercially available kit [Boehringer 
Mannheim, GOD-PeridO]. Further aliquots from the 10 ml venous samples were used 
for determination of haernatocrit and haernoglobin concentration (by microcentifugation 
and the cyanmethaernoglobin method respectively). Changes in plasma volume (%) 
were estimated using the method of Dill and Costill (1974). One and a half ml of blood 
was dispensed immediately into a calcium-heparin tube, centrifuged for 3 min at 12,000 
rpm and the plasma frozen at -70 *C. Ammonia concentration was determined within 48 
h using a commercially available kit (Boehringer Mannheim GmbH). The remaining 
blood from the 10 ml sample was dispensed into an EDTA tube and centrifuged for 15 
min at 6000 rpm at -3 T. The resulting plasma was then stored at -20 *C for 
subsequent determination of free fatty acids using a commercially available kit (NEFA- 
C, Wako) and fully automated colourimetric instrumentation (Cobas Bio Diagnostica, 
Roche Products Ltd. ). 
4.2.6. Statistical Analysis 
A three-way analysis of variance [ANOVA] (group - trial - time) for repeated measures 
on two factors (trial - time), and post-hoc Tukey tests, were used to establish if any 
significant differences existed between subject response (in terms of a variety of 
physiological and metabolic parameters) to the performance of the LIST in the two 
ýi 
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different environmental conditions. Environmental temperatures, distance covered 
during the LIST, body mass and plasma volume responses during the main trials were 
analysed using a two-way ANOVA (group - trial) with repeated measures on one factor 
(trial), and Tukey tests where necessary. The relationship between rate of rise in rectal 
temperature and distance completed was investigated using a Pearson product moment 
correlation coefficient. Data are presented as means ± standard error of the mean (SEM) 
and are based on a subject population of 8 GP and 8 EA unless otherwise stated. 
4.3. Results 
4.3.1. Training Status 
The blood lactate concentration at a reference speed of 3.6 m. s-I was lower for 
endurance athletes (GP [n = 7] vs EA [n = 8]: 5.8 ± 1.1 vs 2.9 ± 0.5 mmol. 1-1, P= 
0.01), but this was largely due to differences in ý102rnax (Table 4.1, P<0.05) as the 
percentage of ý102rnax corresponding to a concentration of 4 mmol. 1-1 was not 
different (GP [n =7] vs EA [n=6] : 78.1 ± 1.1 vs 81.2 ± 2.1 %, n. s. ). 
4.3.2. Environmental Conditions 
I 
Ambient temperature measurements were made at three set points along the length of 
the gymnasium. The value given here is an average of these three measurements. Dry 
bulb temperatures were successfully manipulated to average 30 and 16 T respectively 
in the hot [HT] and moderate trials [MT] (HT: GP vs EA, 30.4 ± 0.1 vs 30.5 ± 0.1 QQ 
MT: GP vs EA, 16.0 ± 0.3 vs 15.9 ± 0.3 *C; main effect group, n. s.; main effect trial, 
P<0.0 1). Similarly, wet bulb temperature was 6T higher in the heat (HT: GP vs EA, 
17.1 ± 0.2 vs 17.1 ± 0.4 *C; MT: GP vs EA, 10.5 ± 0.7 vs 10.7 ± 0.5 *C; main effect 
group, n. s.; main effect trial, P<0.01). However, relative humidity was greater in the 
moderate trial (HT: GP vs EA, 24.4 ± 0.8 vs 24.3 ± 1.6 %; MT: GP vs EA, 49.5 
3.6 vs 52.1 ± 3.1 %; main effect group, n. s.; main effect trial, P<0.01). 
4.3.3. Performance 
The distance completed in the hot trial was 2953 ± 550 m or 25 ±4% less than that 
completed in the moderate trial (main effect trial, P<0.01). The distance completed by 
the EA and GP was similar (Table 4.2. ). Exercise time was -78 min in the HT and 
- 105 min in the MT (HT: GP vs EA, 71.0 ± 11.9 vs 84.4 ± 5.2 min; MT: GP vs EA, 
100.9 ± 14.9 vs 109.1 ± 8.5 min, main effect group, n. s.; main effect trial, P<0.01) 
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Fifteen metre sprints took longer to complete during the HT than during the MT (main 
effect trial, P<0.01) [Table 4.3. ]. Sprint performance declined during the HT but did 
not decline during the MT (Set I vs End set, interaction trial - time, P<0.01). Fifteen 
metre sprints appeared to be completed faster by the GP than by the EA (main effect 
group, n. s. ). 
Table 4.2. The distance completed (m) by the female games players 
(GP) and endurance athletes (EA), in part A and in total, while 
performing the LIST in the hot (HT) and moderate (MT) trials. [The 
numbers in brackets refer to the number of subjects who had to be 
removed from the particular trial because their rectal temperature had 
exceeded 39.5 *C. I. 
Distance (m) 
HT NTF 
Part A Total Part A Total 
GP 7194 ± 981 7876 1270 (1) 8464± 826 10995 ±1586(3) 
EA 8819 ±627 9140 712 (2) 9725 ±0 11928 ± 863 (1) 
cd 
c, main effect trial, Total distance run, P<0.01, d, main effect trial, distance run in 
Part A, P<0.05. 
Table 4.3. Mean 15 m sprint time (s) of the female games players (GP) 
and endurance athletes (EA) during the first 15 min set and end set of 
the LIST in the hot trial (HT), and at the same point in time (but not 
exhaustion) in the moderate trial (MT). 
HT MT 
(mean ± SEM) 
Set 1 End set Set I HT exhaustion set 
GP 2.69 ± 0.05 2.75 ± 0.04 2.69 ± 0.04 2.72 ± 0.03 
EA 2.77 ± 0.05 2.84 ± 0.05 2.75 ± 0.05 2.74 ± 0.05 
ci 
c, mifin-effect trial, P<0.01; main-effect time, P=0.054; i, interaction trial - time, P 
0.01. 
4.3.4. Rectal Temperature 
At exhaustion in the HT rectal temperature was greater than at the same point in time 
(but not exhaustion) in the MT (interaction trial - time, P<0.0 1) (Fig. 4.1. ). When rest 
and actual exhaustion were analysed rectal temperature was higher in the HT than the 
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MT but was not different for the GP and EA (HT Rest: GP vs EA, 37.1 ± 0.1 vs 37.2 
* 0.1 *C; MT Rest: GP vs EA, 37.1 ± 0.0 vs 37.1 ± 0.1 *C; HT End: GP vs EA, 39.3 
* 0.1 vs 39.1 ± 0.2 *C; NIT End: GP vs EA, 39.1 ± 0.2 vs 38.8 ± 0.2 *C; main effect 
group, n. s.; main effect trial, P<0.01; main effect time, P<0.01). 
di 
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Fig. 4.1. Rectal temperature (*C) of the games players (GP) and 
endurance athletes (EA) during the LIST in the hot trial (HT) and the 
moderate trial (MT). d, main effect trial P<0.05; main effect time, P<0.01; i, 
interaction trial - time, P<0.01. 
The relationship between the rate of rise in rectal temperature in the HT and the distance 
completed was very high in the GP but not in the EA (Fig. 4.2. A). However, the 
relationship for EA was heavily influenced by one outlier (outlying diamond, Fig. 
4.2. A). This particular subject's HT responses in terms of rate of rise in rectal 
temperature and distance completed were at least 2 standard deviations from the 
respective means. If only 7 EA were considered the relationship between rate of rise in 
rectal temperature and distance completed was very strong. In the MT rate of rise in 
rectal temperature was poorly related with distance completed in the EA but this was not 
the case for the GP (Fig. 4.2. B). 
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Fig. 4.2. The relationship between rate of rise in rectal temperature 
(*C. h-1) and distance completed (km) during the LIST, by the games 
players (GP) and endurance athletes (EA) during the hot trial (A) and 
moderate trial (B). 
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4.3.5. Heart Rate 
Although heart rates were higher in the HT compared with the MT during the same time 
period there were no differences between GP and EA (Table 4.4. ) (main effect group, 
n. s.; main effect trial, P<0.05). 
Table 4.4. Mean heart rate (beats. min-1) of the female games players 
(GP) and endurance athletes (EA) during the first 15 min set and end set 
of the LIST in the hot trial (HT), and at the same point in time (but not 
exhaustion) in the moderate trial (MT). 
HT Nff 
(mean ± SEM) 
Set 1 End set Set I HT exhaustion set 
GP 168 ±2 180 ±2 164 ±3 176 ±3 
EA 165 ±4 178 ±3 160 ±5 174 ±4 
d 
d, main effect trial, P<0.05; main effect time, P<0.01. 
4.3.6. Body Mass, Fluid Consumption and Estimated Sweat Rate 
Body mass was well maintained by both GP and EA during the HT and MT as shown 
by the actual body mass losses (pre-mass minus post-trial mass) experienced, which 
were always less than 1% of pre-trial body mass (HT: GP vs EA, 0.05 ± 0.20 vs -0.20 
± 0.10 kg; MT: GP vs EA, -0.15 ± 0.15 vs -0.30 ± 0.15 kg; main effect group, n. s., 
main effect trial, n. s. ). Ad libitum fluid consumption during the HT was considerably 
greater than during the NIT, but there were no differences in consumption between the 
athletic groups (HT: GP vs EA, 18.9 ± 2.9 vs 13.5 ± 1.7 ml. kg-l. h-1; NTF: GP vs EA, 
12.7 ± 3.7 vs 8.5 ± 1.5 ml. kg-l. h-1; main effect group, n. s.; main effect trial, P< 
0.01). Estimated sweat rate in the HT was higher than that in the MT, but no 
differences in rate were seen between the GP and EA (HT: GP vs EA, 1.46 ± 0.21 vs 
1.06 ± 0.10 Lh- 1; MT: GP vs EA, 1.07 ± 0.22 vs 0.76 ± 0.10 Lh- 1; main effect group, 
n. s.; main effect trial, P<0.01) 
4.3.7. Metabolic Responses 
Blood lactate concentrations were similar in the HT and MT (main effect trial, n. s. ) but 
were higher for GP than EA at the HT end point (interaction group - time, P'< 0.01) 
(Table 4.5. ). Similarly plasma ammonia concentrations were unaffected by the heat 
(main effect trial, n. s. ) but were higher for GP than EA (main effect group, P<0.05). 
I 
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In contrast blood glucose concentrations were higher in the HT than the Mr (main 
effect trial, P<0.01) but were similar in GP and EA (main effect group, n. s. ). Plasma 
FFA concentrations at the end of exercise in the HT and at the same time point in the 
NIT tended to be higher for EA than for GP (interaction group - time, P=0.05 1). 
Table 4.5. Various blood metabolites of the female games players (GP) 
and endurance athletes (EA) at rest and at the end of the LIST in the hot 
trial (HT), and at the same point in time (but not exhaustion) in the 
moderate trial (NIT). 
HT MT 
(mean ± SEM) 
Rest End Rest HT End 
Blood lactate concentration (mmol. 1-1) 
GP 0.8 ± 0.1 8.0 ± 0.9 0.9 ± 0.1 8.0 ± 1.3 
EA 0.9 ± 0.1 4.9 ± 1.1 0.9 ± 1.1 4.4 ± 1.2 
e, h 
Plasma ammonia concentration (VTol. 1-1) 
GP 18.5 ± 2.4 70.1 12.7 18.5 ± 2.3 76.8 ± 8.8 
EA 14.6 ± 1.9 43.2 6.1 15.9 ± 2.2 32.5 ± 3.8 
f, h 
Blood glucose concentration (mmol. 1-1) 
GP 4.3 ± 0.1 6.7 ± 0.3 4.3 ± 0.1 6.2 ± 0.5 
EA 4.2 ± 0.1 6.9 ± 0.8 4.0 ± 0.1 5.3 ± 0.4 
C, i 
Plasma FFA concentration (mmol. 1-1) 
GP 0.46 ± 0.05 0.48 ± 0.07 0.52 ± 0.04 0.62 ± 0.13 
EA 0.50 ± 0.05 0.89 ± 0.09 0.48 ± 0.06 0.72 ± 0.10 
g 
c, main effect trial, P<0.01; e, main effect group, P=0.056; f, main effect group, P< 
0.05; g, interaction group - time, P=0.051; h, interaction group - time, P<0.01; i, 
interaction trial - time, P<0.01; All main effects over time were statistically significant, 
P<0.01. 
4.3.8. Estimated Change in Plasma Volume 
The estimated change in plasma volume during the HT was not different from the 
changes seen over the same time period in the NIT (HT: GP vs EA, -2.6 -± 1.9 vs 2.7 ± 
2.8 %; MT: GP vs EA, -2.9 ± 1.8 vs 0.6 ± 2.5 %; main effect group, n. s.; main effect 
trial, n. s. ). 
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4.3.9. Rating of Perceived Exertion 
As Table 4.6 shows while there were no differences in the pattern of response between 
the GP and EA both groups perceived exercise to be harder in the HT than in the Nff 
(main effect trial, P<0.01). 
Table 4.6. Rating of perceived exertion of the female games players 
(GP) and endurance athletes (EA) during the first 15 min set and end set 
of the LIST in the hot trial (HT), and at the'same point in time (but not 
exhaustion) in the moderate trial (MT). 
HT MT 
(mean ± SEM) 
Set I End set Set I HT fatigue set 
GP 14 ±1 17 ±1 12 ±1 15 ±I 
EA 12 ±0 16 ±0 11 ±0 14 ±I 
C 
c, main effect trial, P<0.01; main effect time, P=0.01. 
4.4. Discussion 
The main finding in the present study was that exercise in a hot environment (30 *Q 
resulted in a 25% decrease in distance run by non-acclimatized female games and 
endurance athletes during prolonged, intermittent, high-intensity shuttle running. 
Subjects were also unable to maintain 15 m sprint times in the HT, while they were able 
to do so in the MT. Rectal temperature, heart rate and blood glucose concentrations 
were greater in the ITF than the MT but plasma ammonia and blood lactate were similar. 
Games players had higher plasma ammonia and blood lactate concentrations than the 
EA. 
The decrease in distance run during the LIST in the heat is of a similar magnitude (25% 
vs 21%) to that reported for male subjects performing the same intermittent running 
task at 20 and 30 *C (Morris et al., 1998). The finding that rectal temperature was 
higher at exhaustion in the HT compared with the same point in time (but not 
exhaustion) in the MT (HT: GP vs. EA: 39.3 + 0.1 vs. 39.1 ± 0.2 'C; MT: GP vs. EA: 
39.0 ± 0.2 vs. 38.4 ± 0.1 *C; interaction: trial - time, P<0.01), and the very strong 
relationship found between the rate of rise in rectal temperature and distance completed 
in the HT is also consistent with the findings in the study involving the male subjects. 
These results support the assertion that high body temperature, as indicated by rectal 
temperature in this study, was probably the key factor in the decreased exercise 
perfon-nance seen in the HT. However, while it is unclear precisely how this elevated 
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body temperature curtails exercise performance a number of factors have been 
suggested which may provide some possible mechanisms, such as, alterations in the 
metabolic response to exercise (Febbraio et al., 1994a), reductions in cardiac output 
(MacDougal et al., 1974), a reduced drive to exercise (Nielsen et al., 1990) or 
dehydration (Montain and Coyle, 1992). 
In the present study the hot environmental conditions resulted in poorer 15m sprint 
performance. This contrasts with a number of other studies which have found 
substantial increases in power outputs when individuals have performed maximum 
intensity cycle ergometer sprints in hot in comparison with more moderate 
environmental conditions, or after immersion in a water bath at various temperatures 
(Ball et al., 1999; Falk et al., 1998; Sargeant, 1987). However, in these previously 
published studies the sprints were of longer duration (> or =I 5s) and a smaller number 
were performed (maximum 5). Also, unlike the present study, the subjects in these 
investigations were not, or were unlikely to have been, hyperthermic during exercise. 
Where some measure of body temperature was reported (Falk et al., 1998) the subjects 
were clearly not hyperthermic (peak rectal temperature 37.5 *C), and the Falk et al. 
(1998) study was similar to that of Ball et al. (1999). Therefore, while it is far from 
clear exactly why sprint performance declined in the heat in the present study, this 
finding may well be related to elevated body temperature. 
If heat stress alters the metabolic response to activity it may provide a potential 
explanation for the earlier onset of exhaustion seen when individuals exercise in hot 
environmental conditions. In the present study blood lactate and plasma ammonia 
concentrations were similar when the HT and MT were compared, perhaps suggesting 
that the metabolic responses to exercising in the different environmental conditions 
were actually alike. However, even where changes in metabolism in muscle have been 
found as a result of exercising in hot environmental conditions (Febbraio et al., 1994a; 
Febbraio et al., 1994b), when the exercise is exhaustive it seems that the muscle 
glycogen levels are not sufficiently low to provide a likely explanation of the earlier 
onset of exhaustion in the heat (Parkin et al., 1999). The blood lactate and plasma 
ammonia concentrations of the GP were almost twice as great as those of the EA at the 
end of exercise in the HT and at the same point in time (but not exhaustion) in the MT. 
There may be a number of possible explanations for these differences, including sprint 
trained athletes having higher proportions of Type 11 fibres compared with greater 
proportions of Type I fibres in EA (Costill et al., 1976). It is also possible that the EA 
had a greater capacity for lactate clearance. However, whatever the precise mechanisms 
for the greater blood lactate and plasma ammonia concentrations seen in the GP, their 
performance was similar to that of the EA. These findings suggest that the metabolic 
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responses to the environmental conditions or between the different athletic groups 
would not seem to have been crucial in producing the performance results seen in this 
study. 
In the present study, decreased performance may have occurred because of thermal 
strain-induced changes in blood flow around the body. The diversion of blood flow to 
the body's periphery for heat dissipation may result in a reduction in central blood 
volume as blood accumulates in the compliant cutaneous veins (Werner, 1993). This 
may produce a reduced stroke volume and therefore decreased cardiac output. The 
greater heart rate in the HT compared with the MT is a good indication that the 
cardiovascular system is attempting to maintain cardiac output. However, when 
exercise-heat stress is too great even large increases in heart rate cannot compensate for 
declines in stroke volume and so cardiac output may fall (Werrier, 1993). Several 
authors have noted the inability of cardiac output to meet the demands placed upon it 
during exercise in the heat, resulting in an early onset of exhaustion (MacDougal et al., 
1974; Suzuki, 1980). In the present study, none of the subjects complained of, or 
displayed any obvious signs of heat syncope, which may suggest that inadequate 
cardiac output was not a major factor in the earlier onset of exhaustion seen when 
performing the LIST in the hot environmental conditions. 
It has been suggested (although not directly measured) that high body temperature may 
curtail performance by affecting central nervous system functioning which results in a 
reduced drive to continue exercising (Savard et al., 1988; Nielsen et al., 1990). The 
higher RPE values seen in the HT in the present study may give some indication that 
central drive was reduced and may provide an explanation for the performance 
curtailment seen in the heat in the present study. 
It is also possible that dehydration may have contributed to reduced performance in the 
heat as the extent of heart rate increase, stroke volume decrease and degree of 
hyperthermia experienced is linearly related to the magnitude of dehydration that 
accrues during a2h cycling bout (Montain and Coyle, 1992). In addition, rectal 
temperature and heart rate increases seem to be directly related to the level of 
hypohydration at which subjects began a heat stress test (Sawka et al., 1985). 
However, pre-trial body mass measurements and haemoglobin concentrations suggest 
that the subjects started the LIST in the respective environmental conditions in a similar 
hydration state. During exercise the fluid consumption of the subjects was 
approximately 50 % greater in the HT compared to the MT. This seemed to offset the 
higher estimated sweat rates in the HT as plasma volume changes were similar for the 
subjects across the trials, and bodymass was well maintained in both hot and moderate 
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trials. Consequently, these results suggest that changes in fluid status in the subjects 
were similar between the HT and MT. They also support the assertion that differences 
in hydration status either prior or during exercise were not a major factor in the 
decrement in performance seen in the HT. 
As discussed above, the training background and physical make-up of the GP and EA 
may well have affected some of their metabolic responses, yet the performance of these 
athletic groups was similar. Performance would seem to be related to body temperature 
and acclimatization reduces the rectal temperature and heart rate (and therefore the 
thermal strain) of individuals exercising at a set intensity in a hot environment (Lind and 
Bass, 1963). It is accepted that physical training 'partially acclimatizes' individuals to 
exercising in hot environmental conditions (Werner, 1993). In the present study 
although the type of training undertaken by the GP and EA was different the similarity 
in their speed-lactate test results would suggest the groups were as well trained as each 
other. The similarity in performance between the two athletic groups supports the 
assertion that if partial acclimatization is occurring then games type activity is as 
effective as submaximal running at inducing it. Interestingly the EA had lower rectal 
temperatures in the MT than the GP at the same time point as exhaustion occurred in the 
heat (Rest, GP vs. EA: 37.1 ± 0.0 vs. 37.1 ± 0.1 T; HT fatigue, GP vs. EA: 39.0 ± 
0.2 vs. 38.4 ± 0.1 T; interaction: group - trial, P<0.05). This finding would seem to 
suggest that the EA had a more sensitive thermoregulatory system (Gisolfi and Wenger, 
1984). Why this did not manifest itself in terms of improved performance in the heat is 
not clear. 
Elevated blood glucose concentrations in the heat, such as were found in the present 
study, are often seen when comparing exercise in hot environmental conditions with 
that in cooler (Yaspelkis et al., 1993; Febbraio et al., 1994a). While higher blood 
glucose concentrations may be associated with elevated muscle glycogen utilization 
(Febbraio et al., 1994a), which is a potential source of fatigue when exercising in the 
heat, this is not always the case (Yaspelkis et al., 1993). The increased glucose 
concentrations could be the result of decreased muscle glucose uptake or greater hepatic 
glucose release. Where muscle glucose uptake has been measured (Nielsen et al., 1990) 
no significant differences between moderate and hot conditions were found. Using a 
primed continuous infusion method Hargreaves et al. (1996a) found that the rate of 
disappearance and metabolic clearance rate of glucose did not differ when cycling in hot 
and moderate conditions. However, the rate of appearance of glucose was significantly 
greater in the heat, suggesting greater hepatic release. Nonetheless, while it may be 
indicative of the thermal strain induced by the hot environmental conditions, it seems 
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unlikely that high blood glucose per se will have been responsible for the decrements in 
performance evident in the HT in the present study. 
It is recognised that a weakness of the present investigation was the failure to control 
for menstrual cycle phase as it seems this affects body temperature at rest and in 
response to exercise (Stephenson and Kolka, 1993; Pivarnik et al., 1992), and can also 
influence metabolic and performance responses (Hall Jurkowski et al., 198 1). Resting 
oesophageal or rectal temperature prior to an exercise test has been shown to be -0.3 *C 
higher in the luteal phase compared with the follicular. Interestingly, this difference not 
only persists during exercise but increases as activity progresses (Stephenson and 
Kolka, 1993; Pivamik et al., 1992). Obviously as the rate of rise in rectal temperature 
seems to have been a key factor in explaining the results seen in the present study the 
lack of control of menstrual cycle phase, which could have impacted on this variable, 
weakens the findings of the investigation. However, while menstrual cycle phase was 
not monitored in the present investigation the rate of rise in rectal temperature during 
exercise was approximately 70% greater in the HT than in the MT. This compares with 
an -15 % (Pivarnik et al., 1992) greater rate of rise in rectal temperature in the luteal 
phase of the menstrual cycle in comparison with the follicular during a relatively 
prolonged bout of exercise. This magnitude of difference would appear to be too great 
to be explained solely by possible menstrual cycle phase differences, even if all the 
subjects who participated in the study were eumenorrheic and in different phases of 
their menstrual cycle, which seems unlikely given the athletic nature of the training 
group and the time between trials. It may be that in terms of performance of exhaustive 
exercise any effect of menstrual cycle phase will be of lesser importance than the 
imposition of heat stress and the effects of the resulting heat strain. Also, there are a 
number of studies, many using well-trained females as were used here, who found no 
effect of menstrual status on performance (De Souza et al., 1990; Lebrun et al., 1995; 
Lynch and Nimmo, 1998), and in a recent study in our laboratory (Sunderland and 
Nevill, unpublished observations) menstrual cycle phase was found to have no effect 
on performance of prolonged, intermittent, high-intensity running when the conditions 
were hot. Therefore, while an influence of menstrual cycle phase on the results 
presented cannot be dismissed as this variable was not controlled for, the well-trained 
nature of the study's participants and the magnitude of the differences seen between 
trials make it unlikely it provides an exclusive explanation for the results seen. 
However, future investigations of females using this exercise protocol would benefit 
from controlling for menstrual status and the results presented may be confirmed. 
In summary, in well-trained, non acclimatized female games players and endurance 
athletes the performance of a prolonged, intermittent high-intensity shuttle running test 
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was detrimentally affected by hot environmental conditions. While the training 
background of subjects affected some metabolic responses, performance was very 
similar between the GP and EA. This suggests any inter-group metabolic differences 
were not a major factor in the observed performance decrement in the heat, and that the 
type of training being undertaken by individuals does not affect exercise performance in 
a hot environment as long as individuals are matched for training status. It seems clear 
that the perfon-nance decrements were associated with high body temperature but the 
precise mechanisms inducing exhaustion are uncertain. 
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Chapter V 
Fluid ingestion during prolonged, intermittent, high-intensity 
running at 30 and 15 *C 
5.1. Introduction 
In Chapter IV it was seen that when the environmental conditions were hot, the ability 
of female subjects to perform prolonged, intermittent, high-intensity running was 
curtailed by 25 % in comparison to their capacity during the moderate ambient 
temperature trials. This earlier onset of exhaustion in the heat has also been seen in 
males performing the same type of exercise (Morris et al., 1998a). 
During prolonged, submaximal exercise, as opposed to intermittent running, thermally 
stressful conditions created by hot environments also reduce time to exhaustion 
(MacDougall et al., 1974; Adams et al., 1975; Parkin et al., 1999). Ingesting fluids 
containing carbohydrate during prolonged submaximal or intermittent exercise in 
moderate environments has been shown to increase endurance capacity and 
performance (Coyle et al., 1986; Coggan and Coyle 1991; Nicholas et al., 1995; 
Tsintzas et al., 1995a; Tsintzas et al., 1996). The improvements in capacity and 
performance seem to occur because the provision of an exogenous source of 
carbohydrate may prevent the occurrence of hypoglycaernia, provide a carbohydrate 
substrate for use late in exercise or spare the limited glycogen in skeletal muscle (Coyle 
et al., 1986; Coggan and Coyle, 1991; Nicholas et al., 1994; Tsintzas et al., 1995a; 
Tsintzas et al., 1996). Sparing muscle glycogen may be particularly advantageous 
during exercise in hot environments as some studies have shown an accelerated use of 
muscle glycogen when performing activity in hot conditions (Fink et al., 1975; 
Febbraio et al., 1994a; 1994b). However, while the efficacy of ingesting fluids 
containing carbohydrate during endurance performance in hot environments has been 
shown (Murray et al., 1987; Davis et al., 1988b; Murray et al., 1989; Mill ard-Stafford 
et al., 1992; Below et al., 1995), others suggest that carbohydrate substrate availability 
in the muscle or the blood is not a key factor in the earlier onset of exhaustion which 
typically accompanies heat stress (Febbraio et al., 1996c; Parkin et al., 1999). 
increasingly, individuals involved in games such as hockey, rugby and soccer are being 
asked to perform under environmental heat stress yet the impact of consuming a 
carbohydrate-electrolyte beverage in such circumstances is essentially unknown. 
Therefore, the present study examined the physiological, metabolic, capacity and 
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performance impacts of ingesting either flavoured water, a 6.9% carbohydrate- 
electrolyte solution (CE), or one containing a very low concentration of sodium only 
(but the same taste composition as the CE solution), during a prolonged, intermittent, 
high-intensity shuttle running test (LIST) in a hot (30 *C dry bulb temperature) 
environment. 
It was hypothesized that, should the cause of the earlier exhaustion seen when male and 
female subjects perform prolonged, intermittent, high-intensity running in hot 
environmental conditions be related to increases in the usage of muscle glycogen, then 
the supply of carbohydrate during exercise could be beneficial. However, * if the cause 
of the exhaustion was largely due to an elevated deep body temperature, the addition of 
carbohydrate to a fluid would not be expected to improve performance. 
5.2. Methods 
S. 2.1. Subjects 
Nine male university students volunteered to participate in this study which had 
Loughborough University Ethical Committee approval. Their mean (-±SEM) age, 
height, mass, and maximal oxygen uptake ( ý02max) were 23.3 ± 1.4 years, 175 ±3 
cm, 75.7 ± 1.2 kg, and 57.3 ± 1.1 ml. kg-l. min-1. Seven of the nine individuals were 
student soccer or rugby players and the remaining subjects were active sportsmen who 
included games playing among their activities. All subjects were fully informed of the 
demands and possible risks associated with participation in the study, and their right to 
withdraw their involvement at any time. A signed statement of informed consent 
indicated each subject's understanding of this, and their agreement with these 
conditions. 
S. 2.2. Preliminary Measurements 
Maximal oxygen uptake 0ý02max) was estimated using a progressive multistage 
shuttle run test (Ramsbottom. et aL 1988) [see section 3.3.21. Subjects were also 
familiarized with a prolonged, intermittent, high-intensity shuttle running test (LIST) 
[section 3.3.6], and were then required to perform 2 sets of part A and at least one bout 
of part B of the LIST in 30 T. The bouts of exercise in 30 OC took 39 minutes to 
complete. 
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5.2.3. Experimental Procedures and Protocol 
Subjects performed a modified version of a prolonged, inten-nittent, high-intensity 
shuttle running test (LIST) in hot (30 *Q environmental conditions on 3 occasions. 
Subjects consumed either flavoured water (FW), a 6.9% carbohydrate-electrolyte 
solution (CE), or a solution containing a very low concentration of sodium only (but the 
same taste composition as the CE solution) (P), during exercise. The water was 
flavoured using a low sugar lemon and lime cordial (Robinsons) and an artificial 
sweetener (Canderal) [Osmolality 45 mOsmol kg-1; Na+: 6 mmol. l"; K+: 0.08 mmol. 1- 
1]. The commercially available CE solution (Lucozade Sport, SmithKline Beecham) 
contained 6.9 g of carbohydrate (dextrose, maltodextrin, glucose syrup) [Osmolality 
288 mOsmol kg-; Na+: 21 mmol. l-'; K+: 0.56 mmol. l-']. It was intended that the 
specially prepared P solution (Lucozade Sport, SmithKline Beecham) would be 
identical to the CE solution except that it would not contain any carbohydrate. 
Unfortunately, subsequent testing of the product in our laboratory once the study was 
underway, showed that a production error had resulted in a very low concentration of 
electrolytes [Osmolality 78 mOsmol kg-1; Na+: 2 mmol. l-'; K+: 0 mmol. l-']. 
The LIST used in the present study was a modified version of the Loughborough 
Intermittent Shuttle Test developed by Nicholas et al. (1995). All exercise took place 
over a marked 20 in distance in a gymnasium adjacent to a laboratory. In the present 
study the LIST consisted of a part A and a part B (Fig. 3.3). In part A subjects repeated 
a set pattern 10 times (plus three 20 in walks and a sprint), and performed 15.1 ± 0.1 
min of exercise (termed a 'set'). The 20 in 'cruise' runs were carried out at a pace 
equivalent to 77 % of estimated ýF02max, and the intensity of the 'jog' runs was 41 % 
of estimated ý702max. Five sets of exercise were completed in Part A. Each set was 
separated by a4 min period. If individuals were able to complete part A of the test then 
they began part B4 min later. In part B subjects ran for 60 s at a pace equivalent to 
-100 % of their predicted 1ý02max and then rested for 60 s. This run / rest pattern was 
repeated until exhaustion or until subjects were unable to complete any phase of the 
pattern at the appropriate pace. Subjects were also withdrawn if their rectal temperature 
exceeded 39.5 T, or when other exertional factors led investigators to believe they 
were in distress. On these occasions, subjects were taken immediately to a cool room 
adjacent to the gymnasium. 
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5.2.4. Main Trials 
The general procedures adopted in all the studies in this thesis during the main trials 
were the same and are described in detail in section 3.4.2. Briefly, subjects reported to 
the laboratory adjacent to the gymnasium on the morning of a main trial, 12 h after their 
last meal. All the experiments in this study were carried out in the morning to control 
for circadian influences. In the 2 days preceding their first main trial subjects followed 
their normal diet. This was weighed and recorded and they were required to consume 
the same diet during the two days prior to the second trial. After insertion of a rectal 
probe (Edale Instruments Ltd., Cambridge, UK) and an 18 gauge / 45 mm cannula 
(Venflon 2, BOC Ohemeda AB, Helsingborg, Sweden), a resting blood sample was 
collected (10 ml). Subjects then moved into the gymnasium and, after a resting rectal 
temperature was recorded, performed a standard warm-up. During the warm-up the 
first prescribed volume of fluid (6.5 ml. kg-1 body mass [BM]) was consumed. Once 
exercise commenced subjects received a new fluid bottle (containing 4.5 ml. kg-1 BM of 
fluid) prior to each set, and were instructed to consume all the fluid during the set of 
exercise and the following rest period (19 minutes). 
The same experimenters were responsible for conducting all the trials and investigators 
ensured subjects performed the exercise protocol in the appropriate manner. 
Atmospheric dry and wet bulb temperatures (whirling hygrometer, Brannan 
Thermometers Ltd., Cumberland, UK), heart rate (Sport TesterTM, PE3000, Polar 
Electro Fitness Technology, Kempele, Finland; sampling frequency 15 s), rating of 
perceived exertion (Borg scale, 1962), and rectal temperature (Edale Instruments Ltd., 
Cambridge, UK) were measured during exercise. A 10 n-d blood sample was collected 
from each subject between the sets of exercise in part A of the test, before part B and at 
fatigue. Blood pressure was measured automatically (Dina-mapTM Vital signs monitor 
1846, Critikon) pre- and post-exercise and in the 4 min periods between sets and part A 
and B. 
Seven to ten days elapsed between the performance of the LIST in the three 
environmental conditions. The order in which the main trials were performed was such 
that 3 of the subjects did the FW trial first, 3 the P trial and 3 the CE. This pattern was 
maintained in the remaining trials. The 9 subjects were randon-dy assigned to a 
particular pattern of trials. 
Sweat rates were estimated from pre- and post-exercise nude body mass measurements 
correcting for fluid intake. It was assumed that I litre of fluid was equivalent to I kg. 
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5.2. S. Blood sampling and analysis 
The blood sampling collection, treatment and storage procedures used in this study are 
described in detail in section 3.5. Aliquots of blood were removed from the 10 ml 
samples collected during the main trials and analysed for haernatocrit and haemoglobin 
concentration (by microcentifugation and the cyanmethaernoglobin method 
respectively), and, following deproteinisation in cold 0.4 mol. 1-1 perchloric acid, for 
lactate (Maughan, 1982) and glucose (Boehringer Mannheim, GOD-Peride). Changes 
in plasma volume (%) were estimated using the method of Dill and Costill (1974). One 
and a half n-d of blood from the 10 n-d sample was dispensed immediately into a 
calcium-heparin tube. After centrifugation the resulting plasma was stored at -70 *C, 
and analysed for ammonia concentration within 48 h using a commercially available kit 
(B oehringer Mannheim, MRP 1). Approximately 4 ml of blood from the 10 ml sample 
was dispensed into an EDTA tube and centrifuged. The resulting plasma was then 
stored at -20 *C for subsequent determination of free fatty acid concentrations (NEFA- 
C, Wako). The remaining 4 ml of blood was dispensed into a serum tube which was 
allowed to clot. The resulting serum was analysed for insulin concentration using a 
solid-phase 125Iodine radioimmunoassay (Coat-A-Count 'Insulin', DPC Ltd. ). 
5.2.6. Statistical Analysis 
A two-way analysis of variance [ANOVA] (trial - time) for repeated measures on two 
factors (trial - time) was used to establish if any significant differences existed between 
subject response (in terms of a variety of physiological and metabolic parameters) to the 
performance of the intermittent shuttle test in the three different fluid conditions. Post- 
hoc Tukey tests were used to identify where the differences lay. Environmental 
temperatures, distance covered during the intermittent shuttle test, body mass and 
plasma volume responses during the main trials were analysed using a one-way 
ANOVA with repeated measures on one factor (trials), and Tukey tests where 
necessary. The relationships between a number of variables were investigated using a 
Pearson product moment correlation coefficient. Data are presented as means + standard 
error of the mean (SEM) and are based on a subject population of 9 unless otherwise 
stated. 
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5.3. Results 
5.3.1. Order Effect 
When the results of the present study were analysed in terms of trial order, regardless 
of the fluid consumed, an order effect was evident when distance run and heart rate 
were considered. Also the rate of rise in rectal temperature appeared to be higher in trial 
1 but this was not statistically significant. There was no order effect for any other 
variable (results not presented). 
5.3.1.1. Distance Run 
There was a trial order effect, with distance run being -1400 rn (n. s. ) and -1600 m 
more (P < 0.05) in trials 2 (T2) and 3 (T3) respectively than in trial I (Tl). This 
represented average improvements in performance of 20 and 23 % in comparison with 
T I. During T 16 of the study's 9 subjects were stopped from further exercise because 
their rectal temperatures were recorded above 39.5 'C. In T2 and T3 this number had 
fallen to 3. 
ce T: 
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Fig. 5.1. Distance completed (m) during the LIST conducted in a hot 
environment (30 *Q. Data are presented in terms of order of testing 
(namely trial 1 (TI), trial 2 (T2) or trial 3 (T3)), regardless of fluid 
consumed. a, P<0.05, TI vs T3. 
5.3.1.2. Heart Rate 
Average heart rate was greater during TI than during T3, although T2 heart rates were 
not significantly different from either (main effect trial, P<o. o 1) (Table 5.1) 
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Table 5.1. Average heart rate recorded in the first, second and last 
exercise set completed by subjects during the LIST conducted in a hot 
environment (30 *Q. Data are presented in terms of order of testing, 
namely trial 1 (Tl), trial 2 (T2) or trial 3 (T3), regardless of fluid 
consumed; [n=61. 
Average Heart Rate (beats. min-') 
Set I Set 2 End Set 2-way ANOVA 
(trial - time, repeated measures) 
T1 169 ±3 175 ±2 175 ±2 main effect trials, P<0.01, 
TI vs T3 
T2 165 ±1 172 ±2 174 ±3 main effect time, P<0.01, 
Set I vs Set 2 and End 
T3 164 ±2 171 ±2 171 ±3 interaction, n. s. 
5.3.2. Main Trials 
5.3.2.1. Environmental Conditions 
The dry bulb air temperature in the gymnasium (mean of measurements made at 3 sites) 
was not different between the 3 fluid conditions (FW vs P vs CE: 30.4 ± 0.1 vs 30.5 ± 
0.1 vs 30.5 ± 0.0 T, n. s. ). No differences were found in the corresponding values for 
wet bulb temperature (FW vs P vs; CE: 20.4 ± 0.2 vs, 21.1 ± 0.3 vs 20.7 ± 0.4 T, 
n. s. ) or relative humidity (FW vs. P vs CE: 40.2 ± 0.8 vs 43.3 ± 1.4 vs 41.3 ± 2.0 %, 
n. s. ). When expressed in terms of a heat stress index (Verdaguer-Codinia et al. 1993) 
the environmental conditions experienced during the 3 trials were not different (FW vs. 
P vs. CE: 23.4 ± 0.1 vs. 23.9 ± 0.2 vs. 23.6 ± 0.3 *C, n. s. ) and the intensity of 
'climatic heat stress' would have been categorised as high. 
5.3.2.2. Distance run and 15 m sprint performance 
Subjects completed -8600,. 7700 and 7000 m in the FW, P and CE conditions 
respectively (P = 0.08) (Fig. 5.2). No differences in exercise time (including rest 
periods) were found between the three fluid conditions (FW vs P vs CE: 82.4 ± 6.6 vs 
74.2 ± 7.5 vs 67.5 ± 6.1 min; P=0.08). Comparison of the average 15 m sprint times 
in the first, second and last 15 min exercise set completed by subjects showed no 
differences in performance across the 3 fluid conditions (main effect trial, n. s; 
interaction, n. s. ) (Table 5.2). However, sprints took longer to complete at the end of 
exercise in comparison with sets I and 2 (main effect time, P<0.01). 
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Fig. 5.2. Distance completed (m) during the LIST conducted in a hot 
environment (30 *Q. Subjects consumed either flavoured water (FW), a 
6.9% carbohydrate-electrolyte solution (CE) or a taste placebo (P). 
Table 5.2. Average 15 m sprint time (s) recorded in the first, second and 
last exercise set completed by subjects during the LIST conducted in a 
hot environment (30 *Q. Subjects consumed either flavoured water 
(FW), a 6.9% carbohydrate-electrolyte solution (CE) or a taste placebo 
(P) - 
Average 15 m sprint time (s) 
Set I Set 2 End Set 2-way ANOVA 
(trial - time, repeated measures) 
FW 2.41 ± 0.02 2.41 ± 0.02 2.46 ± 0.03 main effect trial, n. s. 
p 2.39 ± 0.03 2.42 ± 0.02 2.47 ± 0.03 main effect time, P<0.01, 
End set vs Set I and 2 
CE 2.39 ± 0.03 2.40 ± 0.02 2.47 ± 0.02 interaction, n. s. 
5.3.2.3. Rectal temperature 
Rectal temperature at rest or at the end of exercise was not different between the 3 fluid 
conditions (FW vs P vs CE: rest 37.1 ± 0.1 vs 37.2 ± 0.1 vs 37.1 ± 0.0 *C; end of 
exercise 39.4 ± 0.1 vs. 39.4 ± 0.1 vs. 39.6 ± 0.0 OC; main effect trial, n. s.; main effect 
time, P<0.01; interaction, n. s. ). However, the rate of rise in rectal temperature was 
greater in the CE than in the FW condition (FW vs P vs CE: 1.8 ± 0.2 vs 2.0 ± 0.3 vs 
2.4 ± 0.2 *C. h-1; P<0.05, FW vs CE). When the rate of rise in rectal temperature 
CC. h-1) was correlated with the distance completed the coefficients in the FW, P and 
Flavoured water 
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4- 
CE conditions were -0.91 (P < 0.01), -0.92 (P < 0.01) and -0.96 (P < 0.01) 
respectively (Fig. 5.3). Three of the 9 subjects had to be removed from the FW and P 
conditions because their rectal temperatures rose above 39.5 *C; whereas 6 had to be 
removed in the CE condition. 
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Fig. 5.3. The relationship between rate of rise in rectal temperature 
(*C. h-1) and distance completed (m) during the LIST conducted in a hot 
environment (30 *Q. Subjects consumed either flavoured water (FW), a 
6.9% carbohydrate-electrolyte solution (CE) or a taste placebo (P). 
5.3.2.4. Heart Rate 
The average heart rate response was not different when the 3 fluid conditions were 
compared (Table 5.3). However, average heart rate during the first 15 min exercise set 
was lower than that recorded during the second and last exercise set completed by 
subjects (main effect time, P<0.01). 
5.3.2.5. Blood Pressure 
Mean arterial blood pressure (MAP) at the end of exercise was lower than at rest but 
MAP responses were not different across the 3 fluid conditions (FW vs P vs CE: rest 
98 ±3 vs 98 ±2 vs 103 ±3 mmHg, end of exercise 92 ±4 vs 96 ±5 vs 88 ±3 
mmHg; main effect trial, n. s.; main effect time, P<0.05; interaction, n. s. ). Pre- 
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exercise systolic blood pressures were higher than post-exercise values but responses 
were not different across the 3 fluid conditions (FW vs P vs CE: rest 135 ±3 vs 133 ± 
3 vs 143 ±5 mmHg, end of exercise 128 ±3 vs 129 ±7 vs 126 ±3 mmHg; main 
effect trial, n. s.; main effect time, P<0.05; interaction, n. s. ). There was no difference 
in the average drop in systolic blood pressure between the 3 fluid conditions (FW vs P 
vs CE: 7 --!: 4 vs 3±8 vs 16 ±4 mmHg, n. s. ). One subject experienced a drop in 
systolic blood pressure of greater than 20mmHg in the FW and P conditions, whereas 5 
subjects experienced falls of this magnitude in the CE condition. Nevertheless, in all but 
2 instances the end systolic blood pressure was above I 10 mmHg, and no subject 
experienced a fall below 90 mmHg. One subject on two occasions (P and CE condition) 
did show signs of the onset of syncope (feeling faint and therefore needing to lie 
down). When the drop in systolic blood pressure during exercise was correlated with 
the distance completed the coefficients were -0.62,0.01 and 0.32 for the FW, P and 
CE conditions respectively. 
5.3.2.6. Metabolic Responses 
Blood glucose concentrations were higher in the CE condition compared with those 
recorded in the FW and P conditions (main effect trial, P<0.05) (Table 5.4). Also, 
plasma FFA concentrations at the end of exercise were lower in this condition compared 
with the FW and P trials (interaction, P<0.01). Blood lactate and plasma ammonia 
responses were not different across the 3 fluid conditions (Table 5.4), although 
concentrations were elevated at the end of exercise compared to resting values (main 
effect time, P<0.01) 
Table 5.3. Average heart rate recorded in the first, second and last 
exercise set completed by subjects, during the LIST conducted in a hot 
environment (30 *Q. Subjects consumed either flavoured water (FW), a 
6.9% carbohydrate -electrolyte solution (CE) or a taste placebo (P); 
[n=61. 
Average Heart Rate (beats. min-') 
Set I Set 2 End Set 2-way ANOVA 
(trial - time, repeated measures) 
FW 164 ±2 172 ±3 173 ±3 main effect trial, n. s. 
p 168 ±3 173 ±2 174 ±2 main effect time, P<0.01, 
Set 1 vs Set 2 and End 
CE 166 ±1 173 ±2 172 ±3 interaction, n. s. 
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Table 5.4. Concentrations of various blood metabolites at rest and at 
the end of exercise during the LIST conducted in a hot environment (30 
*C). Subjects consumed either flavoured water (FW), a 6.9% 
carbohydrate-electrolyte solution (CE) or a taste placebo (P). 
Blood Rest End of 
Metabolites Exercise 
2-way ANOVA (trial - time, repeated measures) 
Blood FW 4.4 ± 0.1 5.4 ± 0.3 main effect trial, P<0.05, CE vs E and FW 
glucose p 4.3 ± 0.1 6.4 ± 0.6 main effect time, P<0.01 
(MMOIX 1) CE 4.2 ± 0.1 7.2 ± 0.5 interaction, n. s. 
Blood FW 0.7 ± 0.1 5.6 ± 0.5 main effect trial, n. s. 
lactate p 0.9 ± 0.1 5.4 ± 0.6 main effect time, P<0.01 
(mmol. 1- 1) CE 0.9 ± 0.1 5.4 ± 1.1 interaction, n. s. 
Plasma FW 29.5 ± 2.9 98.4 ± 8.2 main effect trial, n. s. 
ammonia p 37.9 ± 4.3 88.9 ± 6.3 main effect time, P<0.01 
(pmol. l- 1) CE 32.2 ± 4.9 81.6 ± 7.3 interaction, n. s. 
Plasma FW 0.48 :t0.06 0.57 t- 0.08 main effect trial, n. s. 
FFA p 0.37 t 0.05 0.53 0.11 main effect time, n. s. 
(mmol. 1-1) CE 0.50 ± 0.08 0.29 0.04 interaction, P<0.01 
5.3.2.7. Body Mass, Fluid Consumption and Estimated Sweat Rate 
The pre-exercise body mass of subjects was not different prior to the 3 fluid conditions 
(FW vs P vs CE: 75.7 t 2.0 vs 76.0 ± 2.0 vs 75.4 ± 2.20 kg; n. s. ), neither was 
resting haemoglobin concentration (FW vs P vs CE: 15.4 ± 0.3 vs 15.4 ± 0.4 vs 15.3 
± 0.3 g. dl-I, n. s. ). Thus it is suggested that the hydration status of the subjects was the 
same prior to each of the conditions. Actual body mass loss (pre-body mass - post- 
body mass) was not different between the 3 conditions (FW vs P vs CE: 0.7 ± 0.2 vs 
0.9 ± 0.2 vs 0.6 ± 0.2 kg; n. s. ), and was 0.7 - 1.3% of pre-exercise body mass. The 
rate of fluid intake was not different between the 3 fluid conditions (FW vs P vs CE: 
1.3 ± 0.1 vs 1.2 ± 0.1 vs 1.4 ± 0.1 U-1; n. s. ); neither was estimated sweat rate (FW 
vs P vs CE: 1.85 ± 0.12 vs 1.96 ± 0.11 vs 1.82 ± 0.12 U-1; n. s. ) 
5.3.2.8. Estimated Change in Plasma Volume 
The estimated change in plasma volume response was not different across the 3 fluid 
conditions (FW vs P vs CE: -3.3 ± 1.6 vs -3.3 ± 1.2 vs -4.3 ± 1.4 %; main effect trial, 
n. s.; main effect time, P<0.01; interaction, n. s.; n=8). 
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5.3.2.9. Insulin 
Serum insulin concentrations were greater in the CE than in the FW condition (FW vs P 
vs CE: rest 9.3 ± 0.7 vs. 10.6 ± 1.2 vs. 10.6 ± 0.7 plUml-l; end of exercise 6.9 ± 
0.6 vs 10.0 ± 1.4 vs 15.7 ± 2.3 glUml-l; main effect trial, P<0.01; main effect time, 
n. s.; interaction, n. s. ) 
5.3.2.10. Rating of Perceived Exertion (RPE) 
Comparison of the first, second and last 15 min exercise set completed by subjects 
showed no differences in RPE across the 3 fluid conditions (main effect trial, n. s; 
interaction, n. s. ) (Table 5.5). However, RPE increased throughout exercise (main 
effect time, P<0.01). 
Table 5.5. Rating of perceived exertion (RPE) in the first, second and 
last exercise set completed by subjects during the LIST conducted in a 
hot environment (30 *C). Subjects consumed either flavoured water. 
(FW), a 6.9% carbohydrate-electrolyte solution (CE) or a taste placebo 
(P) - 
Rate of perceived exertion 
Set I Set 2 End Set 2-way ANOVA 
(trial - time, repeated measures) 
FW 12 ±0 14 ±1 16 ±I main effect trial, n. s. 
E 12 ±1 14 ±1 16 ±I main effect time, P<0.0 1, 
Set I vs Set 2 vs End 
CE 12 ±2 14 ±1 16 ±I 
5.4. Discussion 
interaction, n. s. 
The key finding in the present study was that prolonged, intermittent, high-intensity 
running endurance capacity in hot conditions (30 *C, dry bulb temperature, -40 % 
relative humidity) was not influenced by whether the fluid consumed during exercise 
comprised flavoured water, a taste placebo or contained 6.9 % carbohydrate-electrolyte. 
Subjects completed -8600 m when consuming flavoured water, compared with -7700 
m when ingesting a taste placebo, and -7000 m when drinking a carbohydrate- 
electrolyte fluid. However, there did seem to be tendency for capacity to be worse when 
the CE fluid was consumed, and the rate of rise in rectal temperature during exercise 
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was significantly higher in this trial when compared to that when flavoured water was 
drunk. Sprint performance was unaffected by the fluid which was consumed and 
subject responses in terms of blood lactate and plasma ammonia concentrations, blood 
pressure, heart rate, estimated sweat rate and rate of perceived exertion were not 
different across the 3 fluid conditions. Blood glucose concentrations were higher and 
FFA at the end of exercise were lower in the CE trial, but these differences would be 
expected with the ingestion of carbohydrate. 
Although the study was balanced, such that in trial 1,2 and 3, three of the 9 subjects 
consumed FW, 3P and 3 CE, an order effect was found for distance run and heart rate. 
The most likely explanation for this finding is that subjects were acclimating. While it 
has been found that 60 niin of cycling in 35 *C, separated by 7 days, did not result in 
any changes in heart rate and rectal temperature (Barnett and Maughan 1993), another 
study has shown that just one bout of exercise to exhaustion in hot environmental 
conditions is sufficient to improve endurance capacity by 12.5 % (Nielsen el al., 1993). 
Pandolf (1998) has also noted that the effects of acclimation may take weeks to 
deteriorate, particularly if the thermal strain was induced by exercising in a hot, dry 
environment. Therefore, even though an order effect was controlled for in the design of 
the present study, the thermal strain induced by the exercise and the environmental 
conditions may well have been sufficiently severe that only one exposure (in addition to 
the familiarization trial) was enough to induce changes in the subject's ability to perform 
intermittent running in the heat. This finding warrants further investigation. 
The lack of improvement in endurance capacity or sprint performance in the CE trial 
would, at first sight, seem to contrast with the findings of a number of other studies 
where performance was enhanced when a carbohydrate-electrolyte drink was consumed 
during exercise in hot environmental conditions (Murray et al., 1987; Davis et al., 
1988b; Murray et al., 1989; Millard-Stafford et al., 1992; Below et al., 1995). 
However, all of these earlier studies involved performance tests after prolonged 
continuous, intermittent or high intensity exercise, and did not examine endurance 
capacity directly or the performance of repeated sprints. In addition, the fact that 
subjects were able to complete the performance tests following prior prolonged or 
intense exercise bouts suggests that the thermal strain, imposed by the hot environments 
and the endogenous heat loads produced because of exercise, was manageable. Also, 
where the exercise intensity was high (Below et al., 1995) or moderate and prolonged 
(Davis et al., 1988b; Millard-Stafford et al., 1992) the subjects were well trained, and 
in some cases heat acclimated (Millard-Stafford et al., 1992; Below et al., 1995) and 
fanned (Below et al., 1995); all factors that would have reduced the thermal strain on 
the subjects. The thermal strain experienced by the non-acclimatized games players in 
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the present study would seem to have been greater (rectal temperature 39.5 *Q, and the 
rise in rectal temperature occurred over a much shorter period of time than in the 
majority of the studies mentioned above. 
The main benefits of carbohydrate ingestion during exercise would seem to be in the 
prevention of hypoglycaemia, provision of a carbohydrate substrate for use late in 
exercise or sparing the limited glycogen in skeletal muscle (Coyle et al., 1986; Coggan 
and Coyle 1991; Nicholas et al., 1994; Tsintzas et al., 1995a; Tsintzas et al., 1996). 
These benefits would seem to be most pronounced when the exercise duration is 
relatively long (-2 hours) which was not the case in the present study (67-82 min). 
During exercise in the heat the predominant factor in the exhaustion seen may well be an 
excessively high deep body temperature (Nielsen et al., 1990; 1993; Gonzalez-Alonso 
et al., 1999) and not the availability of carbohydrate (Feb braio et al., 1996c; Parkin et 
al., 1999). Importantly, the addition of carbohydrate to a solution would seem to 
provide no benefits in terms of key thermoregulatory variables such as rectal 
temperature and heart rate, although Below et al. (1995) did find that plasma volume 
was better maintained when a large volume of fluid containing carbohydrates and 
electrolytes was consumed. Thus it is suggested that in the present study subjects were 
exhausted or' removed from trials because of the excessive therinal strain before any 
potential benefits of a solution containing carbohydrate could become apparent. [It 
should be noted that because of safety and ethical considerations 6 subjects were 
stopped from exercising, and removed from the CE trial, because their rectal 
temperature was greater than 39.5 *C; 3 subjects were removed in the FW trial and 3 in 
the P trial for the same reasons. In all cases where this occurred, the subjects had not 
chosen to stop exercising and therefore were not necessarily exhausted]. 
The suggestion that carbohydrate availability was not a factor limiting endurance 
capacity in the present study is supported by the similar results from other studies 
which show carbohydrate did not enhance endurance performance or capacity in the 
heat (Davis et al., 1988a; Millard-Stafford et al., 1990; Febbraio et al., 1996). In 
addition, it has been found during a ride to exhaustion at various temperatures (4,11, 
21,31 'Q that exercise time in the hot conditions was at least 30 min shorter than in the 
other trials in the cooler environments, but the total carbohydrate oxidation was 
substantially less (Galloway and Maughan, 1997). It was concluded that exhaustion in 
the heat was unlikely to be due to depletion of endogenous carbohydrate stores. Direct 
measurements of muscle glycogen breakdown at the end of exercise in 3,20 and 40 T 
confirm this assertion (Parkin et aL, 1999), as the muscle glycogen concentration at the 
end of exercise in the hot trial averaged 299 mmol glucosyl u. kg-', which was 
significantly higher than the 116 and 153 mmol glucosyl u. kg-' seen, on average, at the 
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end of exercise in the 3 and 20 *C trials respectively. In addition, the consumption of a 
carbohydrat&-electrolyte drink during prolonged or intermittent running in moderate 
environmental conditions has consistently been seen to spare muscle glycogen (Leatt 
and Jacobs, 1989,40% sparing; Nicholas et al., 1994,22% sparing; Tsintzas et al., 
1996,24% sparing). Therefore, in the present study if carbohydrate availability was a 
limitation for endurance capacity one would have expected improved capacity in the CE 
trial. As this was not the case, and when considered with the findings noted above, it 
seems likely that exhaustion during exercise in hot environmental conditions, in most 
circumstances, is related to some factor other than carbohydrate availability. 
In the present study not only was there no improvement in endurance capacity when a 
carbohydrate-electrolyte beverage was ingested, there seemed to be a trend toward a 
reduced capacity when it was compared with flavoured water (P = 0.08). In another 
study which compared endurance capacity in trained cyclists at -70% 1ý02max in 33 T 
while ingesting water, or a 7% or 14% carbohydrate-electrolyte solution, the average 
exercise times were longest in the water condition (-100 min) and shortest in the 14% 
condition (-80min), although, as in the present study, the differences were not 
statistically different (Febbraio et al., 1996c). The idea that ingesting fluids containing 
carbohydrate-electrolytes may actually be detrimental during exercise in certain 
circumstances needs to be confirmed with further work but it has been shown that 
stronger carbohydrate solutions (greater than 4% or more) slow the rate of emptying 
from the stomach (Vist and Maughan, 1994). When the thermal strain is great any delay 
in the supply of fluid to the intestine, and its subsequent absorption from there, may be 
vital, especially as water is the key component of a fluid in terms of thermoregulation. 
Therefore, it might be expected that a solution containing a relatively high carbohydrate 
concentration might have detrimental effects if consumed when exercising in hot 
environmental conditions, as the balance that needs to be struck between substrate and 
water provision should favour the latter in such circumstances (Brouns, 1992). 
Febbraio et al., (1996c) did find that plasma volume was lower, and performance 
tended to be worse (p =0.09), when a 14 % glucose solution was ingested during 
cycling in 33 *C compared with a7% solution or a diet drink, perhaps suggesting 
impaired fluid delivery. Davis et al., (1988b) found an increased risk of gastrointestinal 
distress, which might limit performance, when a 12 % glucose electrolyte beverage was 
consumed compared with a6% solution or flavoured water. However, like Febbraio et 
al., (1996c), Davis and coll * 
eagues (1988b) did not find any differences in 
cardiovascular and thermoregulatory variables between their various trials [which also 
included analysis of weaker carbohydrate solutions (4.2 /6/7 %)]. In contrast, in the 
present study the rate of rise in rectal temperature was greater in the CE than in the FW 
condition. In addition, in the CE condition, 6 of the 9 subjects were stopped from 
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exercising because their rectal temperatures rose above 39.5 *C, compared with 3 in the 
FW and E conditions. Both observations seem to support the idea that the delivery of 
water from the ingested fluid may have been delayed in the CE condition. While the 
gastric residual volume left after 3 hours cycling in 33 T was greater in a5% glucose 
solution compared with water, the effect was small and not indicative of gastric 
emptying problems (Ryan et aL, 1989). However, there is considerable* interindividual 
variation in the rate of gastric emptying (Murray, 1995, International Conference on 
Dehydration, Rehydration and Exercise in the Heat, Nottingham, England, I-5 
November, 1995). It may be that for the individuals in this study, the 6.9 % solution 
contained sufficient carbohydrate to delay gastric emptying, and therefore limit fluid 
delivery and elevate the rate of rise in rectal temperature. Such an observation does not 
mean that a solution containing, for example, 2 or 4% carbohydrate would have 
produced the same findings. However, the issue is far from clear as it has been argued 
that, compared with water, consumption of a dilute (4.5%) carbohydrate solution 
promotes significantly greater water absorption (Rehrer et aL, 1992), so once out of the 
stomach one might expect a solution containing carbohydrate to actually enhance water 
uptake. However, no study has investigated gastric emptying and intestinal uptake 
during intermittent running exercise in hyperthermic subjects and the present findings 
warrant further investigation. 
Blood glucose concentrations, which can be elevated in the heat as a result of an 
increased hepatic release (Hargreaves et al., 1996a; Rowell et al., 1968), were further 
elevated in the CE condition. In moderate environmental conditions an increase in blood 
glucose is associated with a sparing of muscle glycogen (Tsintzas et al., 1995a; 
Tsintzas et al., 1996) and an enhanced endurance capacity (Nicholas et al., 1995; 
Tsintzas et al., 1996). The lack of improvement in endurance capacity in the present 
study, despite elevated blood glucose concentrations, again confirms that carbohydrate 
availability is unlikely to be a limiting factor to exercise capacity or performance in this 
study. 
The inability to maintain blood pressure may be a potential mechanism inducing 
exhaustion during exercise in hot environments. In the present study blood pressure 
clearly decreased during exercise as indicated by the significantly lower post-exercise 
mean arterial and systolic blood pressures seen, at the end of the LIST in all 3 
conditions. Using Holzhausen and Noakes (1995) definition of erect post-exercise 
hypotension (a fall in erect systolic blood pressure from pre- to post-exercise of greater 
than 20 mmHg), the majority of subjects in the CE condition (5 out of 9) experienced 
post-exercise hypotension, while only one subject experienced hypotension in the other 
two trials. This suggests that maintenance of blood pressure was a problem in the CE 
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condition and perhaps explains why, although not significantly so, the average distance 
completed was shorter than in the other 2 conditions. This assertion is supported by the 
greater rise in rectal temperature seen in the CE trial. This may indicate a greater strain 
and therefore need to dissipate heat, with a consequent movement of blood away from 
the thoracic and abdominal organs to the peripheral areas causing a fall in atrial filling 
pressure, stroke volume and ultimately blood pressure. However, using the post- 
exercise hypotension criteria of Fleg and Lakatta (1986, cited in Holzhausen and 
Noakes, 1995) (that systolic blood pressure should fall by greater than 20 mmHg and 
systolic BP should be below 90 mmHg on the cessation of exercise) no subject in the 
present study was hypotensive. In fact in only 2 instances were end systolic blood 
pressures below 110 mmHg, even though one subject on two occasions did show signs 
of the onset of syncope (feeling faint and therefore needing to lie down). Also, there 
was no consistent relationship between the change in blood pressure and distance 
completed. Therefore, while maintenance of blood pressure may be a factor in exercise 
curtailment in some individuals it would not seem to be the major reason for the 
exhaustion seen in the present study in the majority of cases. 
While it seems that carbohydrate availability and / or falls in blood pressure did not limit 
endurance capacity in the present study, what did, remains to be elucidated. Nielsen et 
al. (1990,1993) suggests that the exhaustion seen in heat stress is ultimately caused by 
a high deep body temperature. This possibly impacts on the motor centres or decreases 
the capacity to engage the necessary motor units or perhaps reduces the motivation to 
exercise. Evidence that it is high body temperature per se which is the main factor 
limiting exercise capacity when the environmental conditions are hot is supported by the 
findings of Gonzalez-Alonso and colleagues (1999), who cycled subjects to exhaustion 
in 40 'C and found that whether they were pre-cooled (35.9 *C oesophageal 
temperature), pre-heated (38.2 'Q or in a normal state (37.4 'Q prior to exercise, 
subjects were always exhausted when their oesophageal temperature reached 40.2-40.3 
T. They also showed that time to exhaustion was inversely related to the rate of heat 
storage. The strong relationships between the rate of rise in rectal temperature and 
distance completed in the 3 fluid conditions, supports the idea that hyperthermia and the 
rate of heat storage are key factors in the exhaustion seen in the present study. 
Nevertheless, the precise mechanisms involved in the exhaustion process when subjects 
are hyperthermic are not clear. However, in a recent study Nielsen et al. (1999) did find 
that brain activity was strongly related to increases in oesophageal temperature which 
might indicate changes in motivation and mental drive, and perhaps provide the origin 
of the earlier onset of exhaustion seen when individuals exercise in hot environmental 
conditions. 
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In summary, when the rate of rise in rectal temperature is rapid, as it was in the present 
study, consuming a 6.9 % carbohydrate-electrolyte solution, rather than water or a taste 
placebo, has no performance or capacity benefits during intermittent, high-intensity, 
shuttle running in a hot environment. 
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C-hapter VI 
Effects of water or no water on performance and physiological 
responses to prolonged, intermittent, high-intensity running at 
30 and 15 'C 
6.1. Introduction 
The results of the study presented in Chapter V indicate that there was no performance 
benefit of ingesting a solution containing 6.9 % carbohydrate during prolonged, 
intermittent, high-intensity running in hot environmental conditions, in comparison with 
consuming two other solutions, essentially composed of water. In fact, there seemed to 
be a suggestion that performance could have been detrimentally affected because the 
presence of the carbohydrate in the solution might have restricted water delivery, and 
therefore increased the rate of hyperthermia. 
It was shown over 50 years ago that ingesting water compared with no water during 
prolonged walking in a desert environment led to reduced rectal temperatures, lower 
heart rates and improved feelings of well being and exercise tolerance (Pitts et al., 1944; 
Adoph and associates, 1947). More recently similar findings have been noted during 
prolonged cycling (Barr et al., 199 1). In Chapter IV and V hyperthermia seemed to be 
implicated in the exhaustion process during intermittent running in the heat. If a high 
deep body temperature (as indicated by rectal temperature) was the source of the earlier 
exhaustion seen when individuals performed prolonged, intermittent, high-intensity 
running in a hot environment then restricting water ingestion during exercise should 
exacerbate this problem and induce an earlier onset of exhaustion. 
A number of studies have also found beneficial cardiovascular, thermoregulatory and 
metabolic responses when consuming water, compared with no water, during 
prolonged cycling in moderate environmental conditions [20 - 22 *C1 (Hamilton et al., 
199 1 b; Hargreaves et al., 1996b; McConnell et al., 1997). The proportion of water loss 
replaced appears to affect the magnitude of the cardiovascular and thermoregulatory 
benefits in moderate (McConnell et al., 1997) and hot environmental (Montain and 
Coyle, 1992) conditions. 
However, no study has looked at the effects of water only or no water during variable 
intensity shuttle running involving repeated maximal sprinting (which provides a 
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realistic representation of the physiological demands of the 'multiple sprint sports') in 
both hot and moderate environmental conditions. The very nature of games such as 
hockey, rugby and soccer inevitably limits the opportunity for fluid ingestion yet the 
impact of water restriction has not been assessed. Therefore, the aim of the present 
study was to investigate the physiological, thermal and metabolic effects of heat stress 
and water restriction on the performance of prolonged, intermittent, high-intensity 
shuttle running. 
It was hypothesized that if water intake during running was prevented, cardiovascular 
strain and thermoregulatory responses would increase, and distance run would be 
reduced. It was expected that the responses would be magnified in the hot compared 
with the moderate environmental conditions. 
6.2. Methods 
6.2.1. Subjects 
Eight active, unacclimatized university sportsmen volunteered for the study which was 
approved by the Loughborough University Ethical Committee. Their mean (: tSEM) 
age, height, mass, and estimated 'ý02max were 25.2 ± 1.1 years, 177 ±2 cm, 75.6 
1.7 kg, and 59.4 ± 2.1 ml. kg-l. min-1. All subjects were fully informed of the possible 
risks and demands of the study, and their right to withdraw their involvement at any 
time. A statement of informed consent was signed by each subject indicating their 
understanding of this. 
6.2.2. Preliminary Measurements 
Maximal oxygen uptake 0ý02max) was estimated using a progressive multistage 
shuttle run test (Ramsbottom et al., 1988). Individuals were also familiarized with the 
LIST and were required to perform up to 2 sets of part A and 3 or 4 bouts of part B at 
30 T for 42 min. Supine and erect blood pressure (BP) [DinamapTM vital signs 
monitor 1846, Critikon] was measured in each subject 24 hours before each of the main 
trials and immediately following exhaustion. The supine measurement was made first 
after an individual had been lying for 10 min. Subjects then stood upright and erect BP 
was established approximately 60 s later, which is the time taken by the machine to 
make the measurement. (A more detailed description of the procedures outlined above is 
given sections 3.3.2 and 3.4.3.51. 
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6.2.3. Experimental Procedures and Protocol 
Subjects performed a prolonged, intermittent, high-intensity shuttle running test (LIST) 
in hot (HT) (30 *Q and moderate (MT) (15 *Q environmental conditions when 
drinking water ad libitum (F) or no water (NF). The order of the trials was randomised 
using a latin square design and subjects performed the trials approximately 14 days 
apart. The test was based on a protocol developed by Nicholas et A (1995). All 
running took place in a gymnasium over a marked 20 m distance. The test consisted of 
a part A followed by a part B (Fig 3.3). In part A subjects repeated a walk, sprint, run 
('cruise' [75 010 Of ý702max]) and jog [40 % of ý702max] pattern of exercise for 15 
min (one'set'of exercise). Five sets of running, each followed by a3 min rest period, 
were completed in part A of test. In part B subjects ran for 60 s (at a pace equivalent to 
-100 % of their predicted 'ý02max) and rested for 60 s until exhaustion, or until rectal 
temperature reached 39.5 *C, or until other exertional factors led investigators to believe 
they were in distress. On these occasions subjects were taken to a cool room. 
6.2.4. Main Trials 
The general procedures adopted in all the studies in this thesis during the main trials 
were the same and are described in detail in section 3.4.2. But, in brief, subjects 
reported to the laboratory adjacent to the gymnasium on the morning of a main trial 12 h 
after their last meal. All experiments were carried out in the morning to control for 
circadian influences. In the 2 days preceding their first main trial subjects followed their 
normal diet. This was weighed and recorded and repeated prior to the remaining trials. 
After insertion of a rectal probe (Edale Instruments Ltd., Cambridge, UK) and an 18 
gauge / 45 mm cannula (Venflon 2, BOC Ohemeda AB, Helsingborg, Sweden), a 
resting blood sample was collected (10 ml). Subjects then moved into the gymnasium 
and, after a resting rectal temperature was recorded, performed a standard warm-up. A 
prescribed volume of water (4 ml. kg-1 body mass [BM]) was drunk during the warm- 
up. During the remainder of the trials subjects consumed no water (NF) or water ad 
libitum (F). Subjects then began the LIST and continued until exhaustion. 
The same experimenters were responsible for conducting all the trials and investigators 
ensured subjects performed the exercise protocol in the appropriate manner. 
Atmospheric dry and wet bulb temperatures (whirling hygrometer, Brannan 
Thermometers Ltd., Cumberland, UK), heart rate (Sport TesterTM, PE3000, Polar 
Electro Fitness Technology, Kempele, Finland; sampling frequency 15 s), rating of 
perceived exertion (Borg scale, 1962), and rectal temperature (Edale Instruments Ltd., 
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Cambridge, UK) were measured during exercise. A 10 ml blood sample was collected 
from each subject between the sets of exercise in part A of the test, before part B and at 
exhaustion. 
6.2.5. Blood Sampling and Analysis 
The blood sampling collection, treatment and storage procedures used in this study are 
described in detail in section 3.5. However, in brief, the 10 ml venous blood samples 
collected during the main trials were used to deten-nine lactate (Maughan, 1982) and 
glucose concentrations (Boehringer Mannheim, GOD-PeridO). Further aliquots from 
the venous sample were used for determination of haernatocrit and haernoglobin 
concentration (by microcentifugation and the cyanmethaernoglobin method 
respectively). Changes in plasma volume (%) were estimated using the method of Dill 
and Costill (1974). One and a half ml of blood was dispensed immediately into a 
calcium-heparin tube, centrifuged, frozen at -70 'C, and ammonia concentration 
determined within 48 h using a commercially available kit (Boehringer Mannheim 
GmbH). The remaining blood from the 10 ml sample was then dispensed into either an 
EDTA or serum tube. The former was centrifuged immediately for 15 min at 6000 rpm 
at ~3 'C, the latter was left to stand and clot for 60 min before centrifugation. The 
resulting plasma was stored at -20 'C for subsequent detennination of free fatty acids 
using a commercially available kit (NEFA-C, Wako) and fully automated colourimetric 
instrumentation (Cobas Bio Diagnostica, Roche Products Ltd. ). The serum was stored 
at -70 *C for determination of osmolality, using freezing point depression (Osmomat 
030, GONOTEC), and sodium and potassium concentrations by flame photometry (480 
Flame photometer, CORNING). 
6.2.6. Statistical Analysis 
Fifteen metre sprint performance, rectal temperature, heart rate, blood pressure, blood 
glucose and lactate, plasma ammonia and FFA, osmolality, and sodium and potassium 
concentrations were analysed using a three-way analysis of variance [ANOVA] (trial - 
fluid - time) with repeated measures on three factors. Where necessary, significant 
differences in the way subjects responded (in terms of various physiological and 
metabolic parameters) to the LIST in the 4 conditions were located using post-hoc 
Tukey tests. Environmental temperatures, distance run, and pre-exercise body mass 
were analysed using a two-way ANOVA (trial - fluid) with repeated measures on both 
factors, and Tukey tests where necessary. Fluid consumed during exercise was 
analysed using a Mest for correlated samples. A Pearson product moment correlation 
coefficient was used to examine the relationship between the distance completed and the 
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rate of rise in rectal temperature. Data are presented as means and standard error of the 
mean (SEM) and are based on a subject population of 8 unless otherwise stated. 
6.3. Results 
6.3.1. Environmental Conditions 
Dry bulb (Tdb) and wet bulb (Twb) temperatures were higher in the hot trials than in 
the moderate (Tdb: MT-F 15.4 ± 0.5, MT-NF 15.3 ± 0.9, HT-F 29.7 ± 0.5, HT-NF 
30.8 ± 0.1, *C; main effect trial, P<0.01, main effect fluid, n. s.; Twb: MT-F 10.5 ± 
0.4, MT-NF 10.5 ± 0.9, HT-F 17.0 ± 0.3, HT-NF 17.5 ± 0.3, OC; main effect trial, P 
< 0.01, main effect fluid, n. s. ). Relative humidity was greater in the moderate trials 
(MT-F 53.9 ± 2.6, MT-NF 53.9 ± 2.9, HT-F 26.5 ± 1.7, HT-NF 25.2 ± 1.4, %; main 
effect trial, P<0.01, main effect fluid, n. s. ). 
6.3.2. Distance Run, Duration of Exercise and 15 m Sprint Performance 
Using MT-F as the baseline, the distance run was reduced by approximately (-) 2, -23 
and -35% in the MT-NF, HT-F and HT-NF trials respectively (MT-F 11540 + 360, 
MT-NF 11252 ± 372, HT-F 8895 ± 858, HT-NF 7400 ±8 10, in; main effect trial, P< 
0.01, main effect fluid, ii. s., interaction: trial - fluid, P<0.05). Distance run was not 
significantly different in the moderate trials (interaction: trial - fluid, P<0.05). All the 
subjects completed part A of the LIST in the moderate trials. In the hot environmental 
conditions only 5 started part B when drinking water ad libitum and this fell to 3 in the 
no water trial. Subjects exercised for just over 100 min in the moderate environmental 
conditions, which was longer than was possible in the trials in the heat (MT-F 105.9 ± 
3.4, MT-NF 103.2 ± 3.4, HT-F 81.9 ± 7.6, HT-NF 67.9 ± 7.4, min; main effect trial, 
P<0.01, main effect fluid, n. s., interaction: trial - fluid, P=0.052). Fifteen metre 
sprint speed was found to decrease over time in all 4 trials; however, average 15 m 
sprint time was significantly slower at the end of exercise in HT-NF than at the same 
point in time in all other trials (set I vs end set: MT-F 2.48 ± 0.03 vs 2.57 ± 0.05, MT- 
NF 2.50 ± 0.04 vs 2.56 ± 0.05, HT-F 2.49 ± 0.03 vs 2.57 ± 0.04, HT-NF 2.49 
0.03 vs 2.68 ± 0.06, s; main effect: time, P<0.01; interaction trial - fluid, P<0.05). 
6.3.3. Rectal Temperature 
Fig. 6.1 shows the rectal temperature response over time during the 4 trials. Rectal 
temperature increased over time (main effect time, P <0.01), and was greater when 
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environmental conditions were hot (main effect trial, P <0.01) and in the no water trials 
(main effect fluid, P <0.01). When the point where exhaustion occurred in HT-NF was 
compared in all the trials rectal temperatures were higher in the hot trials than in the 
moderate (interaction trial - time, P<0.01). This difference was maintained when the 
rectal temperatures at the actual end of exercise were compared. There was a very 
strong relationship between distance completed and rate of rise in rectal temperature in 
the hot (Fig. 6-2), but not in the moderate environmental conditions (MT-F, r=0.04, 
n. s.; MT-NF, r= -0.18, n. s. ). 
-2 m ;. 0 
r 
0 
ac** 
El-- HT-NF .... <0 ---- HT-F 
MT-NF ---- * ---- MT-F 
25 50 75 100 125 
Time (min) 
Fig. 6.1. Rectal temperature (*C) during the LIST performed in hot 
(HT) and moderate (NIT) environmental conditions when consuming 
water ad libitum (F) or when water intake was restricted (NF); a** = 
main effect trial, P<0.01; b** main effect fluid, P<0.01; c** = 
main effect time, P<0.01; ac** interaction trial - time, P<0.01. 
6.3.4. Heart Rate 
Heart rates were higher when the environmental conditions were hot (main effect trial, 
P<0.01) and in the no water trials (main effect fluid, P<0.05) (Fig. 6.3). Also, when 
the 4 trials were compared at the point where subjects were exhausted in HT-NF, heart 
rate was higher when conditions were hot (interaction trial - time, P<0.01) and when 
water intake was restricted during exercise (interaction fluid - time, P<0.01). 
However, at the actual end of exercise there were no differences in heart rate between 
trials. 
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Distance' (m) 
Fig. 6.2. The relationship between the distance completed (m) and the rate of rise in 
rectal temperature (*C. h-1) during the LIST, conducted in hot environmental 
conditions (30 *Q when consuming water ad libitum (HT-F) or when water intake 
was restricted (HT-NF). The thicker of the two lines in the figure is the line of best-fit 
through the HT-NF data points. 
190- 
1804 
170 -ý 
160- 
150 -ý 
a** b* c** ac** bc** 
El- HT-NF ---- 0.... HT-F 
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IIIIII 
0 25 50 75 100 125 
Time (min) 
Fig. 6.3. Heart rate (beats. min-1) during the LIST performed in hot (HT) and 
moderate (MT) environmental conditions when consuming water ad libitum (F) or 
when water intake was restricted (NF); a** = main effect trial, P<0.01; b* = main 
effect fluid, P<0.05; c** = main effect time, P<0.01; ac** = interaction trial - time, 
P<0.01; bc** = interaction fluid - time, P<0.01. 
140/ 
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6.3. S. Blood Pressure 
Erect systolic blood pressure (Table 6 1) was lower post- than pre-exercise (main effect 
time, P<0.01). Supine and erect heart rates were higher following exercise (main 
effect time, P<0.01). The difference in supine and erect heart rates was greater at the 
end of exercise in the hot trials in comparison with the end of exercise in moderate 
environmental conditions (interaction trial - time, P<0.01). 
6.3.6. Body Mass, Fluid Consumption and Estimated Sweat Rate 
Pre-exercise body mass was almost identical prior to each trial indicating a similar 
hydration status upon commencement of exercise (MT-F 75.9 :L3.6, MT-NF 75.5 ± 
3.3, HT-F 75.7 ± 3.5, HT-NF 75.2 ± 3.5, kg; main effect trial, n. s.; main effect fluid, 
n. s. ). Subjects drank almost twice as much water during exercise in HT-F as they did 
in MT-F (MT-F 0.51 ± 0.07, HT-F 0.98 ± 0.18, I. h-1; P<0.05). However, estimated 
sweat rate was considerably higher in the trials in the heat (MT-F 1.07 ± 0.07, MT-NF 
1.07 ± 0.08, HT-F 1.68 ± 0.10, HT-NF 1.79 ± 0.15, U-1; main effect trial, P<0.01; 
main effect fluid, n. s. ). Actual body mass loss (pre- minus post-exercise mass) was 
considerably greater in the no fluid trials (MT-F: 0.75 ± 0.15, MT-NF: 1.60 ± 0.20, 
HT-F: 0.60 ± 0.30, HT-NF: 1.66 ± 0.20, kg; main effect trial, n. s.; main effect: fluid, 
P<0.01). These losses expressed as a proportion of pre-exercise body mass were 
approximately 1% when fluid was ingested and 2% when it was not (MT-F: 1.0 ± 
0.2, MT-NF: 2.1 ± 0.2, HT-F: 0.8 ± 0.4, HT-NF: 2.1 ± 0.3, kg; main effect trial, 
n. s.; main effect: fluid, P<0.01). 
6.3.7. Metabolic Responses 
When the metabolic responses in the 4 trials were compared between rest and the point 
in time where subjects were exhausted in the HT-NF, blood glucose, blood lactate, 
plasma ammonia and free fatty acid concentrations all increased in response to exercise 
(main effect time, P<0.01, P<0.05), but the responses were not different between 
the trials (Table 6.2). However, when rest and the actual point where exercise ended in 
each of the four trials were compared, blood lactate concentrations were greater in the 
moderate than in the hot trials (main effect trial, P<0.01; interaction trial - time, P< 
0.01) and when fluid was consumed (main effect fluid, P< 0". 05; interaction fluid - 
time, P<0.05). Also, plasma ammonia concentrations were higher when fluid was 
consumed (interaction fluid - time, P<0.05). 
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Table 0.1. Blood pressure (BP) parameters (mmHg) and heart rate 
(beats. min-1) 24 h before, and immediately following the LIST 
performed in hot (HT) and moderate (MT) environmental conditions 
when consuming water ad libitum (F) or when water intake was 
restricted (NF); c** = main effect time (pre- vs post exercise), P<0.01; 
c* main effect time, P<0.05; ac** = interaction trial - time, P<0.01; 
n 6. 
Trial 
MT-F MT-NF HT-F HT-NF 
Pre/Post Exercise Pre/Post Exercise Pre/Post Exercise Pre/Post Exercise 
Systolic BP (mm HR) 
Supine 129 ±4 125 ±4 132 ±6/ 128 ±5 126 ±5/ 125 ±4 123 3/ 127 ±3 
Erect 134 ±4 118 ±6 130 ±5/ 116 ±7 133 ±7/ 122 ±5 124 3/ 114 ±6 C** 
Supine - Erect -6 ±57±42±5/ 12 ±4 -7 ±5/2±4 -1 3/ 13 ±5 C** 
Diastolic BP (mm Hg) 
Supine 65 ±4 162 ±3 64 ±5/ 67 ±5 69 ±2/ 62 ±2 65 ±4/ 65 ±4 
Erect 76 ±3 71 ±8 71 ±4/ 69 ±4 74 ±3/ 62 ±3 74 ±3/ 65 ±6 
Supine - Erect -11 ±2 -9 ±8 -7 ±2/ -2 ±3 -5 ±2/I±2 -10 ±2/ -1 ±5 
Mean Arterial BP (mmH2) 
Supine 86 ±3/ 92 3 89 ±5/ 93 ±6 91 t3/90±2 90 3/ 94± 5 
Erect 95 ±3/ 90 10 93 ±3/ 89 ±7 95 ±4 89 ±4 96 3/ 86 ±8 
Supine - Erect -8 ±4/39 -4 ±3/4±4 -4 ±30±4 -6 3/8±9 
Heart rate (beats, min- 1) 
Supine 54 ±3/ 95 ±3 58 ±3 97 3 64 6 95 3 57 2 92 3 C** 
Erect 72±5/ III t6 76 t4 116 6 77 8 116 6 78 4 122 6 C** 
Supine - Erect -18 ±3/ -16 ±5 -18 ±4 -19 4 -12 4 -21 5 -21 4 -30 5 ac** 
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Table 6.2. Concentrations of various blood metabolites, at rest and at 
the end of exercise in the HT-NF and the same point in time in the other 
trials, and at the actual end of exercise, during the LIST performed in 
hot (HT) and moderate (NIT) environmental conditions when consuming 
water ad libitum (F) or when water intake was restricted (NF); a** = 
main effect trial, P<0.01; b* = main effect fluid, P<0.05; c** = main 
effect time, P<0.01; c* = main effect time, P<0.05; ac** = 
interaction trial - time, P<0.01; bc** = interaction fluid - time, P< 
0.01; bc* = interaction fluid - time, P<0.05. 
Trial 
Blood MT-F MT-NF HT-F HT-NF 
Metabolites TiMe point 
Blood Rest 4.3 ± 0.1 4.3 ± 0.1 4.3 ± 0.1 4.2 ± 0.1 
glucose HT-NF End 5.3 ± 0.2 5.3 ± 0.3 5.4 ± 0.2 5.6 ± 0.3 
(mmol. 1-1) Actual End 5.2 ± 0.2 5.2 ± 0.3 5.3 ± 0.2 5.6 ± 0.3 
c** 
Blood Rest 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 
lactate HT-NF End 5.8 ± 1.2 5.9 ± 1.2 6.3 ± 1.0 4.6 ± 0.6 
(mmol. 1-1) Actual End 9.6 t 0.9 9.1 t 0.6 7.1 ± 0.9.4.6 ± 0.6 
a** b* C** ac** bc* 
Plasma Rest 25.3 t 4.1 28.3 4.1 20.3 t 2.4 26.0 t 4.7 
ammonia HT-NF End 84.1 t 9.8 74.0 10.1 77.9 ± 8.2 76.3 t 10.1 
(Pmol. l-, ) Actual End 126.4 ± 25.4 112.1 19.0 85.1 ± 10.1 75.2 ± 10.4 
c** bc** 
Plasma Rest 0.25 ± 0.03 0.34 ± 0.07 0.32 ± 0.02 0.32 ± 0.07 
FFA HT-NF End 0.37 ± 0.06 0.42 ± 0.08 0.43 ± 0.06 0.47 ± 0.10 
(MMOITI) Actual End 0.53 ± 0.05 0.54 ± 0.06 0.51 ± 0.05 0.47 ± 0.10 
C * 
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6.3.8. Estimated Change in Plasma Volume 
The estimated change in plasma volume from rest to the point of exhaustion in HT-NF, 
and the same point in time in the other trials, was greater in the no fluid trials (MT-F: - 
3.3 ± 1.3, MT-NF: -3.3 ± 1.8, HT-F: -1.3 ± 2.8, HT-NF: -4.6 ± 2.7, %; main effect 
trial, n. s.; main effect: fluid, P<0.05); the effect was slightly greater when the change 
from rest to the actual end of exercise was compared (MT-F: -4.9 ± 0.8, MT-NF: -5.8 
± 1.4, HT-F: -1.7 ± 2.8, HT-NF: -4.6 ± 2.7, %; main effect trial, n. s.; main effect: 
fluid, P<0.05). 
6.3.9. Osmolality, and Sodium and Potassium Concentrations 
Osmolality and sodium concentration were greater in the no water trials (main effect 
fluid, P<0.0 1) and increased as a result of exercise (main effect time, P<0.0 1) (Table 
6.3). Osmolality was higher at the actual end of exercise in the moderate trials than in 
the hot (interaction trial - time, P<0.01), but no such difference was found when the 
point of exhaustion in the HT-NF was compared in all the trials (interaction trial - time, 
P<0.01). Potassium concentration was higher at the end of exercise than at rest (main 
effect time, P<0.05) 
6.3.10. Rating of Perceived Exertion 
Rating of perceived exertion were greater in the hot trials (main effect trial, P<0.01, 
interaction trial - time, P<0.05) and increased during exercise (main effect time, P< 
0.01) (Table 6.4). 
6.3.11. Serum Cortisol Concentrations 
Serum cortisol concentrations did not change over time when the responses in the 4 
trials were compared (Fig. 6.4). 
6.3.12. Serum Growth Hormone Concentrations 
Serum growth hormone concentrations were higher in the hot environmental conditions 
(main effect trial, P<0.01) and when fluid was restricted (main effect fluid, P<0.05) 
[Fig. 6.5]. By the end of exercise in HT-NF the growth hormone response was higher 
than that seen at the same point in time in the other trials (interaction trial - fluid - time, 
P<0.01). 
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Table 6.3. Serum osmolality (mOsmol kg-1) and sodium and potassium 
concentrations (mmol. 1-1), at rest, at the exhaustion point in HT-NF, 
and at the actual end of exercise, during the LIST performed in hot (HT) 
and moderate (MT) environmental conditions when consuming water ad 
libitum (F) or when water intake was restricted (NF); b** main effect 
fluid, P<0.01; b* = main effect fluid, P<0.05; c** main effect 
time, P<0.01; c* = main effect time, P<0.05; ac** = interaction trial 
- time, P<0.01; bc** = interaction fluid - time, P<0.01 
Time point 
Trial 
MT-F MT-NF HT-F HT-NF 
Osmolality Rest 291 ±1 293 ±1 292 ±1 293 1 
(mOsmol kg-1) HT-NF End 299 ±2 303 ±2 300 ±2 303 1 
Actual End 304 ±2 309 ±1 300 ±2 303 1 
b** C** ac** 
Sodium Rest 139 1 140 0 139 ±1 140 1 
concentration HT-NF End 141 1 143 1 141 t1 142 1 
(mmol. 1-1) Actual End 142 1 144 1 141 ±1 142 1 
b* C** bc** 
Potassium Rest 4.21 ± 0.07 4.22 0.11 4.14 ± 0.10 4.18 ± 0.06 
concentration HT-NF End 4.38 ± 0.10 4.36 0-08 4.51 ± 0.08 4.37 ± 0.14 
(mmol. 1-1) Actual End 4.60 ± 0.21 4.57 ± 0.14 4.48 ± 0.06 4.37 ± 0.14 
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Table 6.4. Rating of perceived exertion during the first set of exercise, 
the exhaustion point in HT-NF, and at the end of participation in part A 
of the intermittent shuttle test. Values recorded as subjects performed 
the LIST in hot (HT) and moderate (MT) environmental conditions when 
consuming water ad libitum (F) or when water intake was restricted 
(NF); a** main effect trial, P<0.01; c** = main effect time, P< 
0.01; ac** interaction trial - time, P<0.01. 
Trial 
Rating of MT-F MT-NF HT-F HT-NF 
perceived exertion Time point 
Set 1 11 0 12 1 12 0 14 1 
HT-NF End 13 0 14 1 16 1 18 1 
End of Part A 15 1 16 1 17 1 18 1 
a** c** ac* 
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Fig. 6.4. Serum -cortisol responses (nmol. 1-1) during the LIST 
performed in hot (HT) and moderate (MT) environmental conditions 
when consuming water ad libitum (F) or no water (NF). 
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Fig. 6.5. Serum growth hormone responses (mIU. 1-1) during the LIST 
performed in hot (HT) and moderate (MT) environmental conditions 
when consuming water ad libitum (F) or when water intake was 
restricted (NF); a** = main effect trial, P<0.01; b* main effect 
fluid, P<0.05; c** = main effect time, P<0.01; ac** interaction 
trial - time, P<0.01; bc** = interaction fluid - time, P<0.01; abc** - 
interaction trial - fluid - time, P<0.01. 
6.4. Discussion 
The main finding in the present study was that, compared with a trial where water was 
drunk ad libitum during prolonged, intermittent, high-intensity running in moderate 
environmental conditions (MT-F), the distance run by non-acclimatized men was 
reduced by -2, -23 and -35 % in MT-NF, HT-F and HT-NF trials respectively. While 
the distance completed in the moderate conditions was -2 % less when water intake was 
restricted this decrement was not significant. In addition, the combination of heat and 
dehydration resulted in slower 15 in sprint times at exhaustion in the HT-NF compared 
with the same point in time in the other trials. Rectal temperatures and heart rates were 
higher in the hot environmental conditions, and in the no water trials. Ratings of 
perceived exertion were greater in the heat, but there were no differences in blood 
glucose and lactate and plasma ammonia and FFA at exhaustion in the HT-NF and the 
same point in time in the other trials. However, at the actual end of exercise blood 
lactate concentrations were significantly higher in the moderate compared with the hot 
trials. 
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The ability to perform prolonged, intermittent, high-intensity shuttle running was 
obviously reduced when the environmental conditions were hot. The detrimental effect 
of heat on performance of this type of exercise has been demonstrated previously 
(Morris et al., 1998a) and in Chapter IV. In the present study rectal temperature was 
higher in the hot than in the moderate trials. Also, there was a very strong relationship 
between the rate of rise in rectal temperature and the distance run in both hot trials (HT- 
F, r= -0.95, P<0.01; HT-NF, r= -0.92, P<0.01) but not in either moderate (MT-F, 
r=0.04, n. s.; MT-NF, r= -0.18, n. s. ). These findings suggest that the reduction in 
distance run in the hot compared with the moderate trials was due to hyperthermia. This 
assertion is supported by Fig. 6.1 and Fig. 6.2. The former shows that rectal 
temperature appears to be lower in the heat when water is ingested. The latter shows 
that the slope of the line representing the relationship between distance run and rate of 
rise in rectal temperature is lower when subjects consume water. Thus when the 
environmental conditions are hot and water is ingested, the thermal strain is attenuated 
but not prevented, and so individuals are able to run a significantly greater distance than 
when no water is available, but not as far as when the thermal stress is more moderate. 
it has been suggested that high body temperature is the key factor in the earlier onset of 
exhaustion seen when individuals exercise in the heat (Nielsen et al., 1993). However, 
exactly how elevated body temperature reduces the ability of an individual to exercise 
has still to be established. 
Fifteen metre sprint performance was slower when subjects were hyperthermic and 
their level of dehydration was greatest (HT-NF). In Chapter IV, using the same type of 
repeated 15 m sprint protocol, performance was found to be poorer when individuals 
ran in the heat, but this is not always the case (Morris et al., 1998a). As was noted in 
Chapter IV such findings of reduced sprinting performance in hot conditions contrasts 
with a number of studies which have investigated sprint performance using maximum 
intensity cycle ergometer exercise, and which have noted improved power outputs 
when comparing exercising in hot with moderate environmental conditions (Ball et al., 
1997; Falk et al., 1998), or after heating of the exercising legs in a water bath at various 
temperatures (Sargeant, 1987). While the reasons for these apparently conflicting 
findings warrant further investigation, the differences may occur because during 
repeated sprinting over a relatively long time period (-90 min), interspersed with other 
activity, individuals clearly become hyperthermic (rectal temperatures >39 'Q. This 
would not appear to be the case when longer duration cycle ergometer sprints (>15 s) 
are repeated at most five times (Falk et al., 1998 - peak rectal temperature 37.5 T). 
Therefore, elevated body temperature may also provide an explanation for the poorer 
sprint performance in the HT-NF trial seen in the present study. 
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Hyperthermia affects the responses of a number of physiological processes. For 
example, muscle glycogen utilization may be elevated in the heat (Febbraio et al., 
1994), although this is not always the case (Yaspelkis et al., 1993). In moderate 
conditions low muscle glycogen has been found at the end of prolonged exercise. 
However, in the heat levels are still relatively high when subjects stop exercising 
(Parkin et al., 1999) suggesting that earlier depletion does not explain the earlier onset 
of exhaustion. In the present study, lactate and ammonia concentrations at the point 
where subjects stopped exercising in HT-NF were similar across trials, suggesting that 
differences in metabolic responses were not a factor in the exhaustion seen. In trying to 
supply a limited cardiac output to the exercising muscle and to the skin for heat 
dissipation it is possible that one or both could become compromised. Where muscle 
blood flow has been measured (Nielsen et al., 1990) it was not lower in the heat, and 
even where it has been found to decline due to the imposition of severe dehydration 
(Gonzalez-Alonso et al., 1997a; 1998) the uptake of oxygen by the muscle was 
unaffected. Trying to satisfy the demand for blood flow may make the maintenance of 
blood pressure difficult. The fact that heart rate was significantly higher at the end of the 
hot trials (Fig. 6-3) indicates that the cardiovascular strain was increased, as does the 
greater difference between the pre- and post-exercise supine-erect heart rates (Table 
61). However, the fact that the measured blood pressure variables were similar across 
the 4 trials suggests that the cardiovascular system managed to compensate, and 
inadequate blood pressure maintenance did not induce earlier exhaustion in the hot trials 
in the present study. Therefore, while elevated body temperature clearly causes 
considerable perturbations in many physiological processes, which all probably add to 
the strain on the individual, in themselves these alterations would not appear to explain 
the earlier onset of exhaustion seen in the heat. The idea that the key impact of 
hyperthermia is on some facet of central drive has been suggested (Nielsen et al., 1990; 
1993). The fact that rating of perceived exertion was higher in the hot trials in the 
present study perhaps suggests an increased mental strain on the subjects which may 
ultimately have manifested itself as a reduced drive to exercise. However, exactly what 
is meant by a reduced central drive is not easy to define precisely, or to test. 
Based on the pre-trial body mass and resting serum osmolalities the subjects in the 
present study started each of their 4 trials in a similar state of hydration. By the end of 
exercise subjects were dehydrated by -I% of body mass in the trials where water was 
consumed and by -2% in the no water trials. Water losses in excess of both these 
values have been seen in a number of studies where individuals have exercised in hot or 
moderate environmental conditions (Hamilton et al., 1991: 2.9 %; Nicholas et al., 
1995: 3.0 %; Hargreaves et al., 1996b: 2.9 %; McConnell et al., 1997: 3.2 %). 
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Therefore, it would appear that dehydration per se does not explain the differences seen 
in performance between the trials in the present study. Interestingly, while the degree of 
dehydration was similar in the hot and moderate trials when water was (-1%) or was 
not (-2%) ingested, performance was the same in the moderate conditions but 
significantly different in the heat. This suggests that even small differences in the degree 
of dehydration can be important in the heat when exercising individuals are 
hyperthermic. and the cardiovascular system is working very hard to maintain exercise 
capacity, but similar variations in water losses when the thermal stress and strain is 
much less (in the moderate trials) will not result in large decrements in perfon-nance 
during exercise of this type, intensity and duration. Gonzalez-Alonso et al. (1997b) 
found that, despite falls in stroke volume when subjects were dehydrated (4 % body 
weight) or hyperthermic (39.3 *Q during exercise, the cardiovascular system was able 
to compensate. However, when subjects were dehydrated and hyperthermic this was 
not possible and cardiac output fell. It is by no means certain that the decreased distance 
run in HT-NF was brought about by inadequate circulatory function. However, the 
findings do emphasise the performance implications of the imposition of even small 
water losses upon high body temperature. 
The beneficial impact of drinking water compared with the restriction of water intake, in 
terms of reduced rectal temperatures, lower heart rates and improved feelings of well 
being and exercise tolerance, has been demonstrated before during prolonged walking 
(Pitts et al., 1944; Adoph and associates, 1947) and cycling (Francis, 1979; Barr et al., 
1991) in hot environmental conditions. Beneficial cardiovascular, thermoregulatory and 
metabolic responses have also been demonstrated in moderate environmental conditions 
during cycling of a set duration and intensity (Hamilton et al., 199 1 b; Hargreaves et al., 
1996). The magnitude of many of these benefits seems to be related to the degree of 
water replacement (McConnell et al., 1997). Therefore, one might have expected that 
performance in the present study would have been improved when water was 
consumed in the moderate environmental conditions compared to when it was not. 
However, although Fig. 6.2 and Fig. 63 do suggest an elevated rectal temperature and 
heart rate in the no water trial in the moderate environmental conditions (particularly 
near the end of exercise), the effect, if any, was small and performance, in terms of 
distance run or 15 m sprint time, was not significantly different between the moderate 
trials. However, although the studies mentioned above did find various benefits from 
drinking water during exercise all involved prolonged moderate intensity cycling of a 
set duration (2 h). The present study involved intermittent, high-intensity running to 
exhaustion. Also, many of the authors mentioned above compared full fluid 
replacement with no water (Han-filton et al., 1991b; Hargreaves et al., 1996b; 
McConnell et al., 1997) and even then the positive effects on variables such as heart 
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rate and rectal temperature were not significantly different until the second hour of 
exercise. Where the degree of replacement was similar to that seen in the present study 
(-50%, McConell et al., 1997) heart rate was not significantly different from the no 
water trial until after 100 min of exercise (which was effectively the point of exhaustion 
in the present study) and rectal temperature not until 120 min. Therefore, the duration of 
exercise in the present study was probably too short, and the quantity of water 
consumed too small, to experience many of the potential cardiovascular and 
thermoregulatory benefits which have been seen previously when water is ingested 
during exercise in moderate environmental conditions. However, if subjects had been 
able to exercise longer or ingest more water then perhaps the magnitude of the 
differences would have been greater and performance affected. However, it should be 
noted that in many games the ability to access water, or any other fluid for that matter, 
is limited and therefore the results of the present study probably provide a better 
representation of what would actually happen in many practical circumstances in the 
multiple sprint sports. Also, it may not be viable or sensible to ingest large volumes of 
water (or fluid) as it has been found that trying to replace all the water losses during a 
60 min ride at 85% of peak oxygen uptake in moderate environmental conditions, 
which involved consuming 1.5 1 of water, actually inhibited performance (Robinson et 
al., 1995). 
While elevated body temperature may well be implicated in the exhaustion in the hot 
trials it would not seem to be so in the moderate trials as rectal temperatures were well 
below 39.0 T for the majority of the time subjects were exercising (Fig. 6.1). Also 
there was no relationship between the distance completed and the rate of rise in rectal 
temperature (MT-F, r=0.04, n. s.; MT-NF, r= -0.18, ii. s. ). While heart rates in the 
moderate trials were similar at the actual end of exercise to those seen at the end of 
exercise in the hot trials, this probably emphasises the extent of the additional strain 
imposed on the cardiovascular system by working in the heat, and that subjects were 
working maximally at the end of exercise in all trials. Lactate concentrations at the actual 
end of exercise were significantly higher in the moderate trials, compared with the 
concentrations measured at the end of exercise in the hot trials. It is possible that the 
build-up of hydrogen ions may have impaired muscle function more in the moderate 
than the hot trials, and may explain why individuals ultimately exhausted in the 
moderate environmental conditions (Hargreaves et aL, 1998). 
in conclusion, the distance run by non-acclimatized men performing a prolonged, 
intermittent, high-intensity shuttle running test was reduced when environmental 
conditions were hot; by 23% when water was consumed ad libitum , but by 35% when 
it was not (compared with what was possible in moderate conditions). Also, 15 m 
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sprints were slowed by the combined effect of heat and no water. A reduced central 
drive to exercise may provide an explanation for the earlier onset of exhaustion seen in 
the hot trials but the precise mechanism needs to be clarified. In the moderate trials the 
elevated lactate concentrations may provide a reason for the exhaustion seen. The study 
also emphasises that when subjects perform exercise of this type, intensity and duration 
in the heat even small differences in water losses (I %) will reduce performance; when 
environmental conditions are moderate, the effects of the same losses would appear to 
be minimal. 
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Chapter VII 
Muscle metabolism, temperature andfunction during 
prolonged, intermittent, high-intensity running in 33 and 17 *C 
7.1. Introduction 
In the study described in Chapter IV hot environmental conditions were found to 
decrease the distance run by females during intermittent running by 25%. This 
decrement in capacity was of a similar magnitude to that found for men performing the 
same intermittent running protocol in 20 and 30 T (Morris et al., 1998a). The 
decreased capacity of humans to perform exercise to exhaustion when the 
environmental conditions are hot compared to when they are moderate or cool has now 
been established using a wide variety of exercise models (Adams et al., 1975 [running]; 
Galloway and Maughan, 1997 [cycling]; Morris et al., 1998a [intermittent running]). 
The results of the study described in Chapter V would seem to suggest that this 
curtailment in capacity in the heat was not due to inadequate carbohydrate availability. 
However, muscle glycogen usage was not actually measured in that study and, as will 
be discussed below, the findings from previous work which have investigated this 
issue are equivocal. Although the precise mechanism is yet to be elucidated, it has been 
suggested that some factor related to high body temperature induces the earlier onset of 
exhaustion in the heat (Nielsen et al., 1990,1993). The consistent finding in all of the 
studies described in the previous chapters, that body temperature, as measured by rectal 
temperature, was high at the end of exercise and that there was a very strong significant 
relationship between the rate of heat storage and the distance run (r > 0.9), would seem 
to support this assertion. Indeed, in Chapter VI, when water intake was restricted 
during intermittent running in hot environmental conditions, the rate of rise in rectal 
temperature was quicker and the distance run significantly shorter. 
However, if heat stress were to cause changes in the metabolism of the working muscle 
this might induce exhaustion earlier during exercise. Many studies have investigated 
muscle glycogen utilization during exercise in hot compared with moderate or cool 
environmental conditions. A number of studies have indeed found elevated levels of 
muscle glycogen utilization as a result of heat stress when comparing non-exhaustive 
bouts of exercise (for the majority of the subjects studied) of equivalent duration (Fink 
et al., 1975; Febbraio et al., 1994a, 1994b). If the 20-80% greater rates of utilization 
evident in these studies was also occurring when exercise was continued to exhaustion, 
then low muscle glycogen levels (which are associated with exhaustion during 
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prolonged exercise in moderate environmental conditions) could provide an explanation 
for the earlier onset of exhaustion due to heat stress. However, increased utilization is 
not found in all studies (Young et al., 1985; Nielsen et al., 1990; Yaspelkis et al., 1993; 
Maxwell et al., 1999), and even researchers who have demonstrated increased use 
consistently during cycling of equivalent duration have also shown that subjects who 
rode to fatigue in 3,20 and 40 *C had approximately twice as much glycogen in the 
biopsied working tissue at exhaustion in the 40 'C trial as in the other two temperature 
conditions (Parkin et al., 1999). Therefore, while it seems that the imposition of heat 
stress during exercise may (Fink et al., 1975; Febbraio et al., 1994a, 1994b), or may 
not (Young et al., 1985; Nielsen et al., 1990; Yaspelkis et al., 1993; Maxwell et al., 
1999) elevate muscle glycogen utilization. Even if the latter does occur it may not limit 
endurance capacity when exercising in hot environmental conditions. 
Nevertheless, no study has investigated the muscle glycogen responses at exhaustion in 
hot environmental conditions, and compared it with the same point in time, and the 
actual end of exercise, in moderate environmental conditions. In addition, while 
elevated muscle temperature may well be implicated in the earlier onset of exhaustion 
that is seen when individuals perform in hot environmental conditions (Hargreaves and 
Febbraio, 1998a), few studies have examined this variable at the end of exhausting 
exercise, and none in the manner as described above. Also, the majority of the previous 
studies which have investigated muscle glycogen utilization during exercise in hot 
environmental conditions have used cycling as the mode of exercise (one used uphill 
treadmill walking, another relatively short duration, intermittent, uphill treadmill sprint 
running). 
Another possible mechanism of exhaustion when exercising in hot environmental 
conditions could be the inhibition of motor function due to elevated body temperature 
(Nielsen, 1990). Only one study has investigated this suggestion. When maximal 
voluntary contractions (MVC) were compared, in working and non-working muscle 
groups, before and after submaximal cycling to exhaustion in hot environmental 
conditions, no differences were found in MVC between the beginning and end of 
exercise (Nielsen, 1993). 
Therefore, the aim of the present study was to investigate muscle metabolism, 
temperature and function in individuals performing prolonged, intermittent, high- 
intensity shuttle running in hot (33 T, dry bulb temperature) and moderate (17 *Q 
environmental conditions. 
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It was hypothesized that hot environmental conditions would elevate muscle glycogen 
breakdown, but that muscle glycogen concentrations would not be sufficiently low at 
the end of exercise in the heat to explain why subjects exhausted earlier. It was also 
hypothesized that muscle temperature at this, point would be higher in the heat than in 
the moderate conditions. 
7.2. Methods 
7.2.1. Subjects 
Nine active, unacclimatized university sportsmen volunteered for the study which was 
approved by the Loughborough University Ethical Committee. Their mean (±SEM) 
age, height, mass, and estimated ý702max were 24.9 ± 1.3 years, 175 ±2 cm, 74.9 
2.3 kg, and 58.4 ± 1.4 ml. kg-l. min-1. 
7.2.2. Preliminary Measurements 
Maximal oxygen uptake (ý702max) was estimated using a progressive multistage 
shuttle run test (Ramsbottom et al., 1988). Individuals were also familiarized with the 
LIST and were required to perform up to 2 sets at 30 *C for 33 min. Subjects were also 
familiarized (at least 2 sessions using left and right legs) with full range of movement 
concentric flexion and extension of the knee joint on an isokinetic dynamometer (Cybex 
NormTM, Model 770, Lumex Inc., U. S. A. ). A detailed description of the exact 
procedures used in the tests outlined above is given in section 3.3. 
7.2.3. Experimental Procedures and Protocol 
Subjects performed a prolonged, intermittent, high-intensity shuttle running test in hot 
(HT) (33 OQ and moderate (MT) (17 OQ environmental conditions. The test was a 
modified version of the Loughborough Intermittent Shuttle Test (LIST) developed by 
Nicholas et al. (1995). All running took place in a gymnasium over a marked 20m 
distance. Subjects followed a walk, sprint, run (cruise) and jog pattern of exercise, 
shown in Fig. 3.3, for 15 min (forming one 'set' of exercise). Each set of exercise was 
followed by a3 min rest period. Subjects continued this exercise: rest pattern until 
exhaustion, or until rectal temperature exceeded 40 *C (one subject was withdrawn 
from the HT when his rectal temperature exceeded 40 *Q, or until other exertional 
factors led investigators to believe they were in distress. On these occasions subjects 
were taken to a cool room. All subjects performed the HT first followed, 14 days later, 
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by the MT. Based on previous experience using this type of protocol in randomly 
ordered trials, the distance run when the environmental conditions were hot was always 
significantly less than that run when the conditions were moderate (Morris et al., 1997; 
Morris et al., 1998a, 1998b). In the 36 subjects actually tested during these studies no 
individual ever ran further in a hot trial. 
7.2.4. Main Trials 
The general procedures followed by subjects in the main trials in this thesis were the 
same and are outlined in detail in section 3.4.2. In brief, subjects reported to the 
laboratory adjacent to the gymnasium on the morning of the main trials 12 h after their 
last meal. AR experiments were carried out at the same time of day to control for 
circadian influences. In the 2 days preceding their hot trial subjects followed their 
normal diet. This was weighed and recorded and repeated prior to the moderate trial. 
After nude body mass was measured, an 18 gauge / 45 mm cannula (Venflon 2, BOC 
Ohemeda AB, Helsingborg, Sweden) was inserted and a resting blood sample 
collected. Subjects then laid on an examination couch and a resting biopsy was collected 
from the muscle vastus lateralis. Muscle temperature was then measured. The isokinetic 
protocol was then performed, -on the non-biopsied leg only. Following insertion of a 
rectal probe subjects moved into the gymnasium. A resting rectal temperature was 
recorded and then subjects performed a standard warm-up. During this period a 
prescribed volume of water (4 ml. kg-1 body mass) was drunk, and thereafter water was 
consumed ad libitum. Subjects then began the modified LIST. The same experimenters 
were responsible for conducting all the trials and investigators ensured that subjects 
performed the protocol in the appropriate manner. Atmospheric dry and wet bulb 
temperatures (whirling hygrometer, Brannan Thermometers Ltd., Cumberland, UK), 
heart rate (Sport TesterTm, PE3000, Polar Electro Fitness Technology, Kempele, 
Finland; sampling frequency 15 s), rating of perceived exertion (Borg scale, 1962), and 
rectal temperature (Edale Instruments Ltd., Cambridge, UK) were measured during 
exercise. A 12 ml blood sample was collected from each subject following each set of 
exercise (upto 6) and at exhaustion. In their first trial (in the hot environmental 
conditions) subjects ran until exhaustion. A muscle biopsy was collected, and muscle 
temperature was measured, immediately after exercise. Subjects then performed the 
isokinetic protocol on the non-biopsied leg. During the moderate trial a biopsy was 
collected, muscle temperature was measured and the isokinetic protocol performed at 
the same point in time as exhaustion occurred in the hot trial and also at the actual end of 
exercise. 
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7.2.5. Blood Sampling and Analysis 
From each 12 n-A venous blood sample collected, half was dispensed into an EDTA 
tube, the remainder into a plain serum tube. Duplicate 20 pl capillary samples from the 
EDTA tube were immediately deproteinised in 200 pl of 2.5 % perchloric acid, 
centrifuged, and stored at -20 *C. Subsequently, blood glucose and lactate were 
determined, the former spectrophotometrically using a commercially available kit 
[Boehringer Mannheim, GOD-PeridO], the latter in accordance with the fluorometric 
method described by Maughan (1982). Further aliquots from the EDTA tube were used 
for determination of haernatocrit and haemoglobin concentration (by microcentifugation 
and the cyanmethaemoglobin method respectively). Changes in plasma volume (%) 
were estimated using the method of Dill and Costill (1974). The remaining blood from 
the EDTA tube was then centrifuged immediately. The serum tube was left to coagulate 
for 60 min before centrifugation. The plasma was then mixed with antioxidant and 
stored at -70 *C for subsequent analysis of adrenaline and noradrenaline by high 
performance liquid chromatography with electrochemical detection (Forster et al. 199 1). 
Serum cortisol concentration was determined using a 1251odine radioirnmunoassay 
(Coat-A-Count 'Cortisol', EURO / DPC Ltd., Caernarfon, U. K. ). 
7.2.6. Muscle Sampling and Analysis 
The procedures followed for muscle sampling and analysis are described in detail in 
sections 3.5.3 and 3.5.4. However, in brief, following collection of the resting blood 
sample subjects laid on an examination couch. Two (HT) or three (MT) separate 
incisions were then made through the skin and muscle fascia under local anesthetic (5ml 
of I% lignocaine per site, [Lignocaine hydrochloride I% w/v, Antigen pharmaceuticals 
Ltd., Roscrea, Ireland]), on the central portion of the vastus lateralis, mid-way between 
the hip and the knee. A muscle sample was then taken through one of the incisions 
using the needle biopsy technique (Bergstrom, 1962) with suction applied. The 
remaining incision/s were used to obtain the post-exercise sample/s. It took 37 ±4s to 
transfer the subject from the gymnasium following the cessation of exercise, to the 
examination couch and collect the biopsy and place it in liquid nitrogen. Muscle 
temperature was measured immediately after the muscle biopsy was taken. After 
removal of the biopsy needle from the leg it was immediately snap frozen in liquid 
nitrogen. The muscle sample was then removed from the needle and maintained in 
liquid nitrogen until all the samples from the study had been collected. The samples 
were then freeze-dried (Modulyo 4K Freeze Dryer, Edwards High Vacuum 
International, U. K. ) and stored at -70*C until subsequent analysis. After defrosting, all 
the visible blood and connective tissue was dissected out of the freeze dried muscle, 
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which was then homogenized and washed twice in petroleum ether to remove fat. 
Muscle metabolites (adenosine triphosphate (ATP), phosphocreatine (PCr), creatine 
(Cr)) were extracted and determined enzymatically as described previously (Lowry and 
Passoneau, 1972; Harris et al. 1974). Total mixed muscle glycogen concentration was 
determined by adding acid-soluble and acid-insoluble concentrations. These were 
assayed (Jansson, 198 1) following hydrolysis in 1 mol. 1' hydrochloric acid. 
7.2.7. Muscle Temperature 
The procedure followed when measuring muscle temperature is described in detail in 
section 3.4.3.6. In brief, muscle temp was measured immediately after each biopsy 
using a 24 gauge hypodermic temperature probe (YSI 524) inserted to a depth of 4 cm 
through a hole made with an 18 gauge hypodermic needle (Sabre). The hole was made 
close to, and at the same time as the muscle sample incisions. 
7.2.8. Statistical Analysis 
Fifteen metre sprint performance, rectal temperature, heart rate, blood glucose and 
lactate, osmolality, and sodium and potassium concentrations were analysed using a 
two-way analysis of variance [ANOVA] (trial - time) with repeated measures on two 
factors. Where necessary, significant differences in the way subjects responded (in 
terms of various physiological and metabolic parameters) to the LIST in the 2 
conditions were located using post-hoe Tukey tests. A one-way ANOVA and tukey 
tests were used to analyse peak torque measurements in the MT. Environmental 
temperatures, distance run, duration of exercise, change in sprint performance, pre- 
exercise body mass, fluid consumed during exercise, muscle glycogen, metabolites and 
temperature, and peak torque measurements in the HT were analysed using a using a t- 
test for correlated samples. A Pearson product moment correlation coefficient was used 
to examine the relationship between the distance completed and the rate of rise in rectal 
temperature. Data are presented as means and standard error of the mean (SEM) and are 
based on a subject population of 9 unless otherwise stated. 
7.3. Results 
In the results presented below a number of the variables were analysed over time (15 m 
sprint performance, rectal temperature, heart rate). The comparisons made were from 
rest to the end of exercise in the HT, with the same period of time in the MT. While the 
actual points where exercise ended in the MT (which were obviously affected by the 
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duration of exercise) may be shown in the figures, the data were not included in the 
statistical analysis presented, unless otherwise stated. 
7.3.1. Environmental Conditions 
Dry bulb (Tdb) and wet bulb (Twb) temperatures (mean of readings at three sites) were 
higher in the hot than in the moderate trial (Tdb: HT 32.9 ± 0.4, Nff 16.5 ± 0.1, OC, P 
< 0.0 1; Twb: HT 19.7 ± 0.1, W 12.5 ± 0.2, OC, P<0.0 1). Relative humidity (RH) 
was greater in the moderate trial (HT 28.4 ± 1.1, MT 62.6 ± 0.6, %, P<0.0 1). 
7.3.2. Distance Run, Duration of Exercise and 15 m Sprint Performance 
Subjects ran almost twice as far in the moderate as in the hot trial (HT 11216 ± 1411, 
MT 21644 ± 1629, m, P<0.01). Therefore, distance run was reduced by -49% when 
the environmental conditions were hot. Subjects were able to exercise in the hot trial for 
only half of the time that was possible in the moderate trial (HT 100.4 ± 12.7, NTF 
194.6 ± 14,6, min, P<0.01). The average time taken to complete the 15 m sprints 
increased as exercise progressed in the hot and moderate trials (Fig. 7.1, main effect 
time, P<0.01), but there were no significant differences in sprint performance between 
trials. However, visual analysis of Fig. ZI suggests that subjects were sprinting faster 
in the early sets of the HT compared with the MT, but the decline in performance was 
greater by the end. When the change in average sprint time during the HT was 
compared with the equivalent data in the MT, the increase in average sprint time, and 
decline in performance, was significantly greater in the HT (P < 0.05). 
7.3.3. Rectal Temperature 
Figs. 7.2 and 7.3 show the rectal temperature response over time, and the relationship 
between the rate of rise in rectal temperature and the distance run in the HT and the W 
respectively. Rectal temperature was considerably higher in the HT in comparison with 
the MT (main effect trial, P<0.01), and at the end of exercise rectal temperature was 
greater in the heat (HT 39-60 ± 0.15, MT 38.75 ± 0.10, "C, interaction trial-time, P< 
0.01) [Fig. 7.2. ]. Rectal temperature remained stable in the MT to the actual end of 
exercise (38-85 ± 0.15 *Q. In the HT there was a very strong relationship between the 
rate of rise in rectal temperature and the distance run. In the NIT the correlation was 
good but was not as strong (Fig. 7.3. ). 
-136- 
Chapter VII Muscle Metabolism, Temperature and Function During Intermittent Running in Heat 
1-1 
I- 
. -g -cd 04 
s. a tn 
zý 2.54 
3.1-, 
3- 
2.9 -ý 
2.8 -ý 
2.7 -ý 
2.6 -ý 
0 50 100 150 200 250 
2.4 J/ 
Time (min) 
Fig. 7.1. Average time taken to complete the 15m sprints (s) during the 
hot trial (HT, 33 *Q and in the moderate trial (NIT, 17 *Q, whilst 
performing prolonged, intermittent, high-intensity shuttle running; b** 
= main effect time, P<0.01. 
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Fig. 7.2. Rectal temperature (*C) during the hot trial (HT, 33 *Q and in 
the moderate trial (NIT, 17 *C), whilst performing prolonged, 
intermittent, high-intensity shuttle running; a** = main effect trial, P< 
0.01; b** = main effect time, P<0.01; c** = interaction trial - time, P 
< 0.01. 
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7.3.4. Heart Rate 
As Fig. Z4 shows average heart rates were higher throughout exercise when the 
environmental conditions were hot (main effect trial, P<0.01; interaction trial - time, P 
<0.01). On average heart rates represented 87% and 81% of maximum over the course 
of the HT and MT respectively (P < 0.0 1, n=6). Heart rate at the actual end of exercise 
in the MT was just greater than that seen during the initial period of exercise in the HT 
(HT 167 ± 4, NIT 170 ± 4, beats. min-1, interaction trial - time, P<0.01). 
7.3.5. Body Mass, Fluid Consumption and Estimated Sweat Rate 
Pre-exercise body mass was the same prior to each trial indicating a similar hydration 
status upon commencement of exercise (HT 74.95 ± 2.30, MT 74.95 ± 2.35, kg; 
n. s. ). Water consumption during the HT was double that drunk during the NIT (HT 
0.88 ± 0.09, MT 0.43 ± 0.08, I. h-1, P<0.01). Estimated sweat rate was almost twice 
as great in the heat (HT 1.99 ± 0.15, MT 1.03 ± 0.08, Lh- 1, P<0.0 1). Actual body 
mass loss (pre-exercise mass minus post-exercise mass) was not different between the 
trials (FIT 1.42 ± 0.28, MT 1.58 ± 0.27, I. h-1, n. s. ). These losses represented on 
average 1.9 t 0.3 and 2.1 ± 0.3 % of pre-exercise body mass in the hot and moderate 
trials respectively (n. s. ). 
7.3.6. Metabolic Responses 
Blood lactate concentrations remained relatively stable during exercise, but were 
elevated above resting values, in both hot and moderate environmental conditions (Fig. 
7.5, main effect time, P<0.01). However, blooa lactate concentrations were higher in 
the heat during exercise (main effect trial, P<0.0 1; interaction trial - time, P<0.0 1). 
Blood glucose concentr4tions were also higher in the heat (Fig. 7.6, main effect trial, P 
< 0.01; interaction trial - time, P<0.01) but seemed to rise from resting values to a 
peak and then decline as exercise progressed reaching very low, almost hypoglycemic 
values by the actual end of the MT. 
7.3.7. Estimated Change in Plasma Volume 
Exercise produced a haemodilution, but the magnitude of the estimated change . in 
plasma volume was not different when the hot and moderate trials were compared (HT 
3.6 ± 1.4, NIT 2.0 ± 0.9, U-1, n. s., n=8). 
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Fig. 7.4. Average heart rate (beats. min-1) during the hot trial (HT, 33 
*Q and in the moderate trial (NIT, 17 *Q, whilst performing 
prolonged, intermittent, high-intensity shuttle running; a** = main 
effect trial, P<0.01; b** = main effect time, P<0.01; c** 
interaction trial - time, P<0.01; n=8. 
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Fig. 7.5. Blood lactate concentration (mmol. 1-1) during the hot trial 
(HT, 33 *Q and in the moderate trial (NIT, 17 OC), whilst performing 
prolonged, intermittent, high-intensity shuttle running; a** = main 
effect trial, P<0.01; b** = main effect time, P<0.01; c** = 
interaction trial - time, P<0.01; 7= this point based on the 7 subjects 
for whom data was available. 
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Fig. 7.6. Blood glucose concentration (mmol. 1-1) during the hot trial 
(HT, 33 OC) and in the moderate trial (NIT, 17 *C), whilst performing 
prolonged, intermittent, high-intensity shuttle running; a** = main 
effect trial, P<0.01; b** = main effect time, P<0.01; c** = 
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for whom data was available. 
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7.3.8. Rating of Perceived Exertion 
The rating of perceived exertion at the end of exercise in the HT was higher than that 
recorded at the same time point in the MT (HT 19 ± 1, MT 14 ± 1, P<0.0 1). At the 
actual end of exercise in the NTF the rating of perceived exertion was the same as that 
seen at the end of the HT (HT 19 ± 1, MT 19 ± 0, P<0.01). 
7.3.9. Plasma Adrenaline and Noradrenaline 
Exercise elevated plasma adrenaline (Fig. 7.7. ) and noradrenaline (Fig. 7.8. ) 
concentrations above resting values in both environmental conditions (main effect time, 
P<0.01), but concentrations were higher in the HT than in the MT during exercise 
(main effect trial, P<0.01). 
7.3.10. Serum Cortisol 
Serum cortisol concentration was higher in the HT compared with the MT (Fig 7.9, 
main effect trial, P<0.05). At the end of exercise in the HT serum cortisol 
concentration was greater in the heat (HT 1046 ± 91, MT 587 ± 73, nmol. 1-1, 
interaction trial-time, P<0.01). By the actual end of exercise in the MT serum cortisol 
concentration (1127 ± 58) was the same as that seen at the end of the HT. 
7.3.11. Muscle Metabolites 
The resting and post-exercise muscle glycogen concentrations were not different when 
the hot and moderate trials were compared (Table 7.1. ). However, the utilization of 
muscle glycogen concentration did appear to be - 34 % greater in the heat (HT 193.2 :t 
19.5, MT 143.8 ± 23.9 mmol. kg dry wt-1, P=0.055, n=8). Seven of the 8 subjects 
had greater utilization in the HT, and among these individuals the heat induced increase 
in utilization, in percentage terms, ranged from 19 to just over 200 %. 
7.3.12. Muscle Temperature 
Pre-exercise muscle temperature was not different when the hot and moderate trials 
were compared (HT 34.7 ± 0.3, MT 34.6 ± 0.4, *C, n. s. ), but, at the end of exercise 
in the HT, muscle temperature was much higher than in the MT (HT 40.2 ± 0.3, MT 
39.3 ± 0.2, T, P<0.01). Muscle temperature remained stable in the MT to the actual 
end of exercise (39.3 ± 0.1 *Q and was still significantly lower than that seen at the 
end of exercise in the hot environmental conditions (P < 0.01). 
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Fig. 7.7. Plasma adrenaline concentration (nmol. 1-1) during the hot trial 
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Fig. 7.8. Plasma noradrenaline concentrations (nmol. 1-1) during the hot 
trial (HT, 33 *Q and in the moderate trial (MT, 17 OC), whilst 
performing prolonged, intermittent, high-intensity shuttle running; a** 
= main effect trial, P<0.01; b** main effect time, P<0.01; c** = 
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Table 7.1. Muscle metabolites and glycogen concentrations at rest and at 
the end of exercise in the hot (FIT, 33 *Q and moderate (NIT, 17 OC) 
trials. 
HT MT 
Rest End Rest HT End End 
ATP 25.3 ± 0.7 25.9 ± 0.9 24.1 ± 0.6 24.9 ± 1.2 25.4 ± 0.6 
d 
PCr 87.0 ± 2.8 85.6 ± 4.8 85.6 ± 3.9 83.3 ± 3.6 83.3 ± 4.7 
Cr 37.1 ± 2.5 38.6 ± 3.8 38.5 ± 3.1 40.9 ± 2.4 40.9 ± 4.9 
Lactate 2.4 0.4 7.2 ± 1.3 2.3 0.4 3.9 ± 0.7 6.0 ± 1.3 
dg It f 
Glycogen 400.5 22.9 207.4 ± 34.3 382.6 29.8 238.8 ± 39.4 126.5 ± 46.8 
ddde 
Values are means ± SEM in mmol. kg dry wt-' for 8 subjects. ATP, adenosine triphosphate; PCr, 
phosphocreatine; Cr, creatine; d=P<0.01, vs rest; e=P<0.01, vs HT End and NIT HT End; f=P 
< 0.05 vs rest; g=P<0.05, vs. HT End; h=P=0.07, vs rest and MT End. 
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7.3.13. Muscle Function 
Peak torque during knee flexion and extension was not different pre- and post-exercise 
in the HT (Table 7.2. ). Measurements in the NTF over the same time period were also 
not different. However, by the end of exercise in the MT peak torque was reduced at 60 
Os' (P < 0.05). 
Table 7.2. Peak torque (Nm) during knee flexion and extension at 60 
and 180 *. s-', at rest and at the end of exercise in the hot (HT, 33 *C) 
and moderate (MT, 17 *Q trials. 
HT MT 
Rest End Rest HT End End 
Flexors Flexors 
60 .. S' 143 ±7 133 ±7 60 *. s" 137 ±6 135 ±8 117 ± 10 
(n=9) (n=8) fg 
Flexors Flexors 
180 *. s-' 99 5 95 t7 180 *. s*l 89 5 100 ±6 83 ±9 
(n=7) (n=7) 9 
Extensors Extensors 
60 *. s" 226 7 212 ± 11 60 *. s*l 208 6 206 ±6 190 ± 10 
(n---9) (n--8) f 
Extensors Extensors 
180 *. S-' 136 ±4 134 ±6 180 *. s-' 137 ±4 145 ±4 129 ±5 
(n--7) (n--7) 9 
Data based on the subjects numbers indicated; f=P<0.05, vs rest; g=P<0.05, vs HT End. 
7.4. Discussion 
The key finding in the present study was that whole muscle glycogen utilization seemed 
to be higher when the environmental conditions were hot, as it was elevated in the HT 
(the range of increase was between 19 and just over 200%) in 7 of the 8 subjects for 
whom data were available. However, at exhaustion in the HT the concentration of 
glycogen averaged over 200 mmol. kg dry wr', a significantly higher value than that 
seen at exhaustion in the MT. Peak torque was not different pre- and post-exercise in 
the HT, or at the same time points in the MT. However, by the actual end of exercise in 
the NIT it was reduced at 60 *. s'. Muscle temperature was significantly elevated in the 
hot trial (HT end point vs same time point in MT, 40.2 ± 0.3 vs 39.3 ± 0.2, OC, P< 
0,01), as were plasma adrenaline and noradrenaline, blood lactate and glucose, and 
serum cortisol concentrations. The hot environmental conditions also resulted in a 
greater rectal temperature and heart rate response, and the doubling of sweat rate. 
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Performance, in terms of distance run, was significantly reduced when the 
environmental conditions were hot (by -49%, P<0.01), and the decline in average 15 
m sprint performance was greater in the HT. 
In the present study muscle glycogen utilization was greater in the heat for 7 out of 8 
subjects. While only one study has previously examined muscle glycogen utilization in 
humans during sprint running in hot environmental conditions (Maxwell et al., 1999), 
there have been a number of investigations using cycling (Fink et al., 1975; Young et 
al., 1985; Yaspelkis et al., 1993; Febbraio et al., 1994a, 1994b), and one involving 
uphill treadmill walking (Nielsen et al., 1990). Among these, three found muscle 
glycogen utilization to increase with the imposition of heat stress (Fink et al., 1975; 
Febbraio et al., 1994a, 1994b), which is consistent with the findings in the present 
study, while 4 found no increased utilization (Young et al., 1985; Yaspelkis et al., 
1993; Nielsen et al., 1990; Maxwell et al., 1999). However, there may be some 
possible explanations for these apparently conflicting findings. It has been argued that 
the temperature differentials between the trials in studies may explain why their findings 
are not the same (Yaspelkis et al., 1993 vs Fink et al., 1975; Febbraio et al., 1994a vs 
Yaspelkis et al., 1993). When the differential is relatively large (20 *C [dry bulb 
temperature], Febbraio et al. 1994a, or 32 T, Fink et al. 1975) utilization is increased, 
when it is relatively small (10 T, Yaspelkis et al., 1993) utilization is not. In the 
present study the temperature differential was 16 T. While the temperature differential 
between trials may explain why some studies find increased utilization in the heat and 
some do not, the acclimatization status of the subjects in the studies could be a more 
important factor. Acclimation has been shown to reduce the utilization of glycogen 
(King et al., 1985 and Kirwan et al., 1987). Febbraio et al. (1994a) also noted that 5 
out of their 6 subjects had lower glycogen utilization after acclimation (although the data 
on 6 subjects comparing pre- and post-acclimation glycogen utilization was not 
significantly different). When one compares the studies of Febbraio et al. (1994a, 
1994b) and Yaspelkis et al. (1993), who had similar subjects exercising at a similar 
exercise intensity, over a 40 / 45 minute time period, one finds that rectal temperature 
responses were almost the same in their moderate trials (38.6 / 38.7 *Q, which one 
would expect in horneotherms in moderate conditions where exercise intensity should 
be the main influence on rectal temperature (Lind, 1977). Yet in the heat rectal 
temperature reached 39.7 and 39.6 *C in the Febbraio et al. (1994a, 1994b) studies 
compared with the 39.0 T found by Yaspelkis et al. (1993). Use of a heat stress index 
(Verdaguer-Codina et al. 1993) would suggest that the environmental stress in their 
respective hot trials was similar. However, the rectal temperature responses suggest the 
heat strain was much higher for the Febbraio et al. (1994a, 1994b) subjects. While it 
has been argued that the presence of fans in the Yaspelkis et al. (1993) study (which 
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would have increased convective air flow) might explain these findings (Maxwell et al., 
1999), the more obvious reason would seem to be acclimatization, which reduces the 
thermal strain on individuals, and therefore reduces the increase in deep body 
temperature, and probably reduces the elevations in muscle temperature and adrenal 
response, which may be factors which stimulate increased utilization of muscle 
glycogen (as will be discussed below). Therefore, the elevation in muscle glycogen 
utilization in the present study (and others) may well be the result of a sufficiently 
greater thermal strain when exercising in the heat compared with exercise in more 
moderate environmental conditions. The attenuation of the thermal strain by 
acclimatization may explain why this increase is not always seen (Yaspelkis et al., 
1993). Other factors which also impact on thermal strain, such as whether fluid was 
ingested during exercise and the training status of subjects, may also help explain the 
variability in findings with regard to muscle glycogen utilization under heat stress. 
Methodological issues may also provide an explanation in some cases. In the study by 
Nielsen et al. (1990), subjects performed 30 min of exercise in moderate environmental 
conditions and then moved to hot. It is difficult to know if the lack of difference in 
muscle glycogen use found was an accurate reflection of the effect of the ambient 
conditions or was actually the result of the curvilinear nature of muscle glycogen 
utilization (Fink et al., 1975; Costill, 1988), which means the rate of use is greater 
earlier in exercise. Maxwell et al. (1999) argued that it was possible that their uphill 
treadmill sprint running protocol required maximal rateg of energy turnover, therefore 
negating any increase in glycogen utilization that might have been induced by exercising 
in hot environmental conditions. While this may be the case, it has been found during 
cycling at 115% ý102max, at slightly higher rates of glycogen utilization (although 
resting concentrations were slightly higher also), that glycogen breakdown was greater 
in a heated leg, where the muscle temperature had been elevated prior to exercise 
(Febbraio et al., 1996b). Also, the exposure time of the Maxwell et al. (1999) subjects 
to the hot conditions was probably short and it is debatable the degree of thermal strain 
their subjects would have experienced. While they did not report rectal or muscle 
temperature information, data from a previous study (Maxwell et al., 1996) would 
suggest that rectal temperatures were of the order of 38 *C in their hot trial and 37.6 OC 
in their moderate, which is considerably less than those seen here and in the studies by 
Febbraio and colleagues (1994a, 1994b). Therefore, it is possible that an elevated 
muscle glycogen utilization was found in the present study, and not in some other 
investigations, because the thermal strain on the subjects in the present study was 
greater, as the subjects were unacclimatized and the duration of exercise was long. 
There are a nbrnber of mechanisms which alone or in combination may explain why an 
excessive thermal strain may have elevated muscle glycogen utilization in the present 
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study. Upright dynamic exercise in hot environmental conditions provides a 
considerable challenge to the circulatory system, and the competition for a limited 
cardiac output between the working muscle and the skin is formidable (Rowell, 1974, 
1986; Kenny and Johnson, 1992). If the thermal strain on the exercising body was 
sufficiently severe, it is possible that blood flow to the working muscle might be 
compromised. A reduction in flow could lead to reduced oxygen delivery and a hypoxic 
tissue would be more dependent on anaerobic glycolysis, and hence muscle glycogen, 
for ATP generation. While muscle blood flow was not measured in the present study, 
and so it is not possible to say with certainty what actually occurred, recent studies 
using moderate intensity exercise suggest that heat stress does not reduce blood flow to 
working muscle (Savard et al., 1988; Nielsen et al., 1990). Where muscle glycogen 
was measured (Nielsen et al., 1990) no increase in utilization as a result of the imposed 
heat stress was found (although, as mentioned above, some methodological concerns 
exist with regard to this finding). However, when endurance-trained subjects 
performed -135 minutes of cycling in 35 *C, while ingesting fluids (euhydration trial) 
or not drinking (dehydration trial), leg blood flow was found to be reduced, and muscle 
glycogen utilization was elevated, when the subjects were dehydrated and hyperthermic 
compared to when they were euhydrated and able to maintain a stable oesophageal 
temperature (Gonzalez-Alonso et al., 1997a). Nevertheless, even in the dehydration 
trial when the thermal strain was considerable, the working muscle was not hypoxic as 
the uptake of oxygen from the available blood supply increased and was not 
significantly different from that seen in the euhydration trial (Gonzalez-Alonso et al., 
1997a). Therefore, while muscle glycogen utilization did seem to be enhanced in the 
majority of subjects in the hot environmental conditions in the present study it seems 
unlikely this was the result of reduced blood flow to the working muscle. 
Another possible explanation for the apparent increase in glycogen utilization in the 
majority of subjects in the hpat in the present study is that exercising in hot 
environmental conditions produces an elevated sympatho-adrenal response. A number 
of studies have found an elevated adrenaline (Nielsen et al., 1990; Febbraio et al., 
1994a; Hargreaves et al., 1996a) and noradrenaline (Nielsen et al., 1990; Hargreaves et 
al., 1996a) response when individuals exercise under heat stress, although this has not 
always resulted in an elevation in the utilization of glycogen in hot environmental 
conditions (Nielsen et al., 1990). Increased glycogenolysis has been observed during 
cycling with adrenaline infused at pharmacological doses (Jansson et al., 1986), but it 
has also been shown that when the doses used are more physiological glycogen use is 
not increased (Wendling et al., 1996). Of note is that even in this latter study the 
concentration of plasma adrenaline was considerably higher, for much of the infusion 
trial, than that seen in the present study. Nevertheless, elevated adrenaline 
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concentrations may still provide a possible explanation for the increased glycogen 
utilization seen in the majority of subjects in the present study, as in a recent 
investigation adrenaline infusion during 40 minutes of cycling at 71 % of ý102peak in 
20-22 *C, resulting in plasma concentrations of adrenaline in the infusion trial of - 1.3 - 
2.2 nmol. 1-1 during exercise, compared to -0.8 nmol. l-' in the non-infusion trials (not 
dissimilar to the values in the present hot and moderate trials respectively), did result in 
a significantly higher muscle glycogen utilization in the infusion trial (Febbraio et al., 
1998). Also, the findings of a number of studies suggest that there may be a strong link 
between elevations in ambient environmental conditions, an associated rise in thennal 
strain on the exercising body, and an increase in, catecholamine levels and muscle 
glycogen utilization (Febbraio et al., 1994a; Febbraio et al., 1996a). 
While an increased catecholarnine response may provide a potential explanation for the 
increased muscle glycogen utilization seen in the present and other studies, usually it is 
accompanied by elevations in deep body and / or muscle temperature (Febbraio et al., 
1994a). It has been shown by local heating of an exercising thigh that increased muscle 
temperature per se is sufficient to elevate the utilization of muscle glycogen during 2 
minutes of intense cycling at 115% ýro2max (Febbraio et al., 1996b) and 20 minutes 
of submaximal cycling at 70% ýro2peak (Starkie et al., 1997). While the precise 
mechanism is yet to be clarified it has been speculated that an enhanced muscle 
temperature elevates utilization by increasing the ATP turnover of the exercise (by [i] 
perhaps increasing enzyme activity or by [ii] affecting cross-bridge cycling rate and / or 
efficiency, and / or by [iiij changing the anaerobic / aerobic contribution to energy 
turnover) (Febbraio et al., 1996b). In the present study muscle temperature at the point 
of exhaustion in the HT averaged 40.2 ± 0.3 T, the equivalent value in the Nff was 
39.3 ± 0.2 *C (P < 0.0 1), which remained unchanged until the actual end of exercise. It 
has been shown that mitochondrial function can be detrimentally affected by muscle 
temperatures in excess of 40 *C (Brooks et al., 1971). If this did occur in the present 
study the means for generating energy aerobically could have been compromised and 
might explain why muscle glycogen utilization was higher in the HT. 
However, while the utilization of glycogen in the present study appeared to be higher in 
the majority of subjects in the HT, it seems clear that the depletion of muscle glycogen 
stores was not the cause of the earlier onset of exhaustion that was seen when the 
environmental conditions were hot. The quantity of glycogen in the muscle at 
exhaustion in the HT was significantly greater than that at exhaustion in the MT (HT 
207.4 ± 34.3, MT 126.5 ± 46.8 mmol. kg dry wt-1, P<0.01, n=8). This finding that 
individuals are exhausted under heat stress with substantial amounts of glycogen still in 
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the muscle has been seen before (Parkin et al., 1999), and while it appears only some 
of their subjects went to exhaustion, Nielsen et al. (1990) note the same point. 
However, Parkin and colleagues (1999) found that IMP levels were elevated at the 
exhaustion point in their 40 'C trial, which is not normally seen in moderate conditions 
until the muscle glycogen concentration is low. They suggested that the significantly 
elevated IMP values at exhaustion in the presence of substantial glycogen 
concentrations could evidence a 'temperature-induced metabolic perturbation', which 
might, at least in part, help explain the earlier onset of exhaustion when individuals 
exercise in hot environmental conditions. Of course, all these analyses were based on 
whole muscle samples and it is not possible to say what was happening with respect to 
particular fibre types. Histochernical data from Febbraio et al. (1994a) seems to suggest 
that glycogen usage in type I fibres is greater during relatively prolonged cycling in hot 
environmental conditions compared with that in moderate, while type II fibres are 
unaffected. However, quantitative investigation of the impact of heat stress on 
metabolism in particular fibre types is still to be deten-nined. 
Analysis of the responses of other metabolic variables also does not seem to provide a 
reason for the earlier onset of exhaustion seen in the HT. Although significantly higher 
in the HT, the blood and muscle lactate concentrations in the present study would not 
appear sufficiently elevated to, in themselves, explain the earlier exhaustion that was 
seen. While the obvious explanation for the elevated response is an increased glycogen 
utilization and efflux from the muscle, studies which have not seen an elevation in 
muscle glycogen use due to heat stress have also found higher blood (Young et al., 
1985; Yaspelkis et al., 1993) and muscle lactate concentrations (Young et al., 1985). 
The higher blood concentrations could be the result of reduced clearance by tissues such 
as the liver, although release of lactate from inactive tissue is another possibility, 
especially in the face of an increased sympathetic stimulus (Yaspelkis et -al., 1993). The 
higher muscle lactate concentration when glycogen utilization is not increased is difficult 
to explain. Heat induced alterations in neuromuscular recruitment patterns favouring 
greater type 11 fibre use, may provide a possible explanation (Young et al., 1985), 
although Febbraio et al. (1994a) found no evidence to support this. 
Similarly, while blood glucose concentrations did reach quite low values by the end of 
the MT (2.9 ± 0.3 mmol. 1-1) hypoglycearnia would not have been a factor in the earlier 
exhaustion seen in the HT as blood glucose remained high throughout exercise, and 
was in fact significantly elevated above the values seen in the MT. While hyperglycernia 
is often associated with heat stress (Yaspelkis et al., 1993; Febbraio et al., 1994a) the 
elevated blood glucose concentrations would not appear to be due to reduced uptake of 
glucose by muscle, or due to any change in whole body utilization. Rather it seems it is 
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caused by an increase in glucose output by the liver (Hargreaves et al., 1996a). This 
increase may be due to increased sympathetic stimulation (adrenaline and noradrenaline 
concentrations were higher in the HT in the present study and this has been found 
previously [Hargreaves et al., 1996a]), although other hormones such as cortisol may 
also provide a stimulus (Hargreaves et al., 1996a). The increase in blood glucose 
concentration could also be the result of hepatic hypoxia (Rowell, 1968) 
The idea that the early onset of exhaustion under heat stress is not a metabolic 
phenomena is also supported by our previous investigations (Morris et al., 1998a; 
Morris et al., 1998b) where many of the metabolic responses were different from those 
seen in the present study (for example we have never previously found blood lactate to 
be elevated by the imposed heat stress) but exercise capacity was still significantly 
impaired by the heat. In all these studies, including the present one, rectal temperature 
was always high at the end of exercise when the conditions were hot (-39.5 'Q, and 
also a very strong relationship between rate of rise in rectal temperature and distance 
completed (Pearson correlation coefficient always greater than -0.9) was always found 
to exist. That it is an elevated deep body temperature that limits exercise capacity or 
performance in hot environmental conditions has been suggested before (Nielsen et al., 
1990). Results from a number of studies would seem to support this assertion. When 
subjects cycled to exhaustion during 9-12 consecutive days in 40 *C, 10 % RH, 
exercise duration increased from 48 to 80 minutes (Nielsen et al., 1993). However, 
while it took progressively longer to reach, exhaustion always occurred when 
J was, on average, 39.7 *C. Yet muscle or skin blood oesophageal temperature (T., 
flow was not reduced, sufficient substrate was available and 'fatigue substances' such 
as lactate and K+ were not accumulating. In another investigation a group of cyclists 
were pre-cooled (T., 35.9), pre-heated (T.. 38.2) or neither (control, T,,,, 37.4) prior to 
exhaustive exercise in 40 *C. Exhaustion in all trials occurred when oesophageal 
temperature reached -40.2 'C (Gonzalez-Alonso et al., 1999b). These findings 
emphasise that high deep body temperature may well be the critical factor in determining 
exercise performance in the heat, although precisely how it does so is not clear. 
However, high deep body temperatures are associated with high muscle temperatures, 
as was the case in the present study, and others (Febbraio et al., 1994a, 1994b). It has 
been suggested that high temperature in the muscle may impair its function by inducing 
structural and functional alterations in the various proteins responsible for such 
processes such as electrolyte distribution across the sarcolernma, calcium release and 
reuptake by the sarcoplasmic reticulum, actin-myosin interactions and mitochondrial 
respiration (Hargreaves and Febbraio, 1998). High muscle temperature may also 
increase oxidative stress. While further study is required to confirm if elevated muscle 
temperature does induce such changes (Hargreaves and Febbraio, 1998), it is possible 
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that elevated muscle temperature could explain the decrease in intermittent running 
capacity and performance in the present study when heat stress was imposed. 
It has been proposed that deep body temperatures of greater than 39 OC may affect the 
functioning of the motor centre of the central nervous system and reduce the ability to 
recruit motor units (Nielsen et al., 1990). If this were the case one might expect a 
reduction in the ability of muscle to generate maximal force. In a previous investigation 
the maximal force that could be generated with the knee extensor and elbow flexor 
muscle groups in a standardized 90 ' position following exhaustive cycling exercise in 
hot environmental conditions, was the same before and after exhaustive exercise 
(Nielsen et al., 1993). Muscle function was also unchanged after 90 minutes of exercise 
in cool conditions. In the present study, which used concentric knee extension and 
flexion at 60 and 180 O. s-' to analyse muscle function, post-exercise peak torque values 
were not different to pre-exercise values following intermittent running in the HT, or 
over the same period in the MT. The results of the present study, and the earlier 
findings by Nielsen et al. (1993), might seem to support the assertion that any affect of 
high deep body temperature on central nervous function does not manifest itself in a 
reduced ability to recruit motor units and generate maximal force. However, such an 
assertion needs to be interpreted in the light of recent work presented by Sargeant 
(Challenges to Human Thermoregulation, 1999, The Physiological Society, Research 
Symposium), which showed that the state of exhaustion of a muscle and its temperature 
interact. Consequently, the power output in an exhausted but hot muscle can be the 
same as that in an unexercised but cold muscle. Clearly, the possible interpretation of 
the isokinetic and isometric data discussed above is not as clear as it at first appeared, 
and the findings need to be interpreted with some caution in the light of this recent work 
by Sargeant (see Chapter VIII, section 8.5.1). 
In the present study the rectal temperature response during exercise was considerably 
higher in the hot trial compared with the response in the moderate environmental 
conditions. It has also been suggested that a critically high deep body temperature 
induces reductions in the motivation or drive to exercise (Nielsen et al., 1993). While 
the terms 'motivation' or 'drive' are difficult to define accurately, and therefore by 
implication to test for, it is clear that performance of a particular task to exhaustion or 
under stressful conditions will be influenced by the willingness / ability of an individual 
to motivate or drive themselves to their limits, and also by their perception of what 
those limits are. If their perception of thermal comfort affects this drive / motivation or 
perception then hot environmental conditions may cause exhaustion to occur earlier. In 
a recent study brain activity was measured, using electroencephalography, during 
exercise in 42 and 19 *C (Nielsen et al., 1999). When the subjects were exhausted after 
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34 minutes in the heat their oesophageal temperatures were 39.8 *C, compared with 
below 38.0 *C at the same point in time in the moderate environmental conditions. 
Brain activity was also significantly affected by the heat, and a strong correlation was 
found between the brain actvity index used in the study and increases in oesophageal 
temperature. The authors suggested that the elevated brain activity index at high body 
temperatures was indicative of a decreased motivation and drive to exercise, that could 
help explain the exhaustion seen with hyperthermia. Therefore, in the present study if 
the increases in deep body temperature were associated with changes in brain function it 
is possible that exhaustion may have been induced earlier than in the MT. 
In summary, the findings in the present study support the assertion that muscle 
glycogen utilization is elevated when subjects exercise in hot environmental conditions. 
Precisely why utilization is higher in the heat is not clear, but a higher temperature in the 
active muscle and / or an increased adrenaline concentration in the blood may well be 
key factors. Nevertheless, the earlier onset of exhaustion when performing prolonged, 
intermittent, high-intensity running in the heat is not explained by low concentrations of 
muscle glycogen, as glycogen concentrations at the end of exercise in the HT were 
significantly higher than those seen at the end of exercise when the environmental 
conditions were moderate. High deep body temperature may well be the critical factor in 
determining intermittent running capacity and performance in the heat, although 
precisely how it does so is not clear. However, high muscle temperature may well 
influence a number of key processes in the muscle. Therefore, it is possible that an 
elevated temperature in the active muscle may also be a key factor in reducing exercise 
capacity and performance during intermittent running in hot environmental conditions, 
although precisely how this may occur is still to be established. 
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8.1. Introduction and Key Findings 
The research studies presented in the preceding four chapters examined the effect of hot 
environmental conditions and various interventions, on the ability of humans to 
perform prolonged, intermittent, high-intensity running. The main findings are 
summarized below: - 
1. It is clear from the results presented in Chapters IV, V1 and VII that exercising 
in hot environmental conditions reduced the time to exhaustion of male and female 
subjects performing prolonged, intermittent, high-intensity shuttle running. When 
water was consumed ad libitum the distance run was reduced by 25 %, 23 % and 49 % 
in the hot, in comparison with moderate environmental conditions, in Chapters IV, VI 
and VII respectively. (In Chapter VII subjects only performed part A of the exercise 
protocol). 
2. In the studies presented in Chapters IV, V! and VII a strong relationship was 
found between the rate of rise in rectal temperature and the distance run when the 
environmental conditions were hot (Chapter IV, HT: GP, r= -0.94, P<0.0 1; EA, r= 
-0.93, P<0.01; Chapter VI, HT-F: r= -0.95, P<0.01; HT-NF: r= -0.92, P<0.01; 
Chapter VII, HT: r= -0.90, P<0.01). In moderate conditions the corresponding 
relationships were generally much weaker (Chapter IV, HT: GP, r= -0.90, P<0.01; 
EA, r= -0.13, n. s; Chapter VI, MT-F: r=0.04, n. s.; MT-NF: r= -0.18, n. s.; Chapter 
VII, MT: r= -0.76, P<0.01). In the study reported in Chapter Va strong relationship 
between these variables was found in a3 trials (FW, P and CE trials, r= -0.91, - 
0.92, -0.96 respectively, all P<0.01), but the trials were all conducted in hot 
environmental conditions. Also, the relationship between the rate of rise in rectal 
temperature and the distance run in Chapter V would have been influenced by the need 
to tenninate the participation of some subjects in particular trials before they themselves 
chose to stop exercising, because of Ethical Committee stipulations. 
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3. Exhaustion in the trials where the environmental conditions were hot coincided 
with a high deep body temperature (Chapter IV, HT: GP, 39.30 ± 0.10, EA, 39.10 ± 
0.20, 'C; Chapter VI, HT-F: 39.30 ± 0.15; HT-NF: 39.40 ± 0.10, *C; Chapter VII, 
HT: 39.60 ± 0.15 *Q. These temperatures were always significantly higher than those 
seen at the same point in time and the actual end of exercise in the moderate trials. 
4. Fifteen metre sprint performance was poorer in the heat in Chapter IV than in 
the moderate trial. In Chapter VI the hot environmental conditions alone did not seem to 
curtail repeated 15 m sprint speed, but the combination of no water and hyperthermia 
did. In Chapter VII the decline in sprint performance was greater in the hot trial. Taken 
together these findings suggest that hot environmental conditions can reduce the ability 
of individuals to perform repeated 15 m sprints. Interestingly, in Chapter VII, the peak 
force during isokinetic knee flexion and extension did not seem to be reduced following 
exercise in hot environmental conditions. 
5. In Chapter V subject performance (in terms of distance run or 15 m sprint 
speed) was not better when a solution containing 6.9 % carbohydrate was drunk, 
compared with the ingestion of two predominantly water based solutions, during 
exercise in hot environmental conditions. In Chapter VII the net muscle glycogen 
utilization appeared to be greater in the heat (HT 193.2 ± 19.5, NTF 143.8 ± 23.9 
mmol. kg dry wt-1, P=0.055, n=8), and for 7 out of the 8 subjects the heat induced 
increase in utilization ranged from 19 to just over 200%. However, at the end of 
exercise in the HT the glycogen remaining in the muscle was much higher than that 
seen at the actual end of exercise in the MT (HT 207.4 ± 34.3, NIT 126.5 ± 46.8 
mmol. kg dry wt-1, P<0.01, n=8). These findings suggest that the mechanism 
responsible for the earlier onset of exhaustion seen when individuals exercise in hot 
environmental conditions is not related to inadequate carbohydrate availability. 
6. In Chapter VI depriving the subjects of water compared with ad libitum 
ingestion during exercise had no significant effect when the intermittent running 
exercise was performed in moderate environmental conditions. However, when the 
conditions were hot, water deprivation reduced the distance run by 12 % more than the 
23 % reduction induced by exercising in hot environmental conditions alone. This 
findings suggests that the combination of dehydration (even at modest levels) and 
hyperthermia presents the body with a physical challenge it cannot meet 
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7. In Chapters V and VI the measures of blood pressure would not suggest that 
subjects were hypotensive during or immediately after prolonged, intermittent, high- 
intensity running in hot or moderate environmental conditions. 
8. In Chapter VII the temperature in the active vastus lateralis muscle at the end of 
exercise to exhaustion in hot environmental conditions was significantly higher than the 
temperature measured at the same point in time in the moderate trial (HT 40.2 :k0.3, 
MT 39.3 ± 0.2, T, P<0.01). Muscle temperature remained stable in the MT to the 
actual end of exercise (39.3 ± 0.1 OQ. These findings raise the possibility that an 
elevated temperature in the active musculature may be implicated in the earlier onset of 
exhaustion seen when individuals exercise in hot environmental conditions. 
The following discussion will try to analyse these points with respect to other research 
and evaluate if inferences can be made about the possible processes which reduce 
distance run and repeated 15 m sprint speed when performing prolonged, intermittent, 
high-intensity shuttle running in hot environmental conditions. 
8.2. Cardiovascular Strain 
While the physiological measurements of cardiovascular function were limited in the 
present thesis to the assessment of heart rate and blood pressure, there was little 
evidence from these variables that strain in the cardiovascular system per se was the key 
factor producing the earlier onset of exhaustion seen when subjects were exercising in 
hot environmental conditions. Only one subject in the thesis showed signs of syncope 
following exercise. The assertion that strain on the cardiovascular system is not a 
source of the earlier onset of exhaustion seen in the heat seems to be borne out by the 
findings of a number of other studies which have assessed cardiac output and leg blood 
flow in exercising humans and have not found either to decrease as a result of 
performing exercise in hot environmental conditions (Nielsen et al., 1990,1993, 
1997). As Gonzalez-Alonso et al. (I 997b) have shown, the cardiovascular system has 
the capacity to cope with 7-8 % reductions in stoke volume, induced by dehydration (4 
%) or hyperthermia (39.3 *Q, by increasing heart rate, and therefore ensuring the 
maintenance of cardiac output. Therefore, in the studies in the thesis it was not a 
surprise to see heart rates near maximal levels at the end of exercise in the trials where 
subjects were exercising in hot environmental conditions. However, Gonzalez-Alonso 
et al. (1997b) did note that when subjects were dehydrated and hyperthermic the 
cardiovascular system was unable to adjust sufficiently to compensate for the 26 % 
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decline in stroke volume and consequently cardiac output declined. The finding in 
Chapter VI, that even small changes in the level of dehydration (-I %) during exercise 
in the heat reduced the interrnittent exercise capacity by a further 12 %, could be taken 
as an indication that elevations in cardiovascular strain were a primary cause of the 
reduced capacity. However, Gonzalez-Alonso et al. (1997a, 1998) have also shown 
that despite reductions in cardiac output in dehydrated and hyperthermic athletes and 
reductions in leg blood flow, the active muscle is not deprived of oxygen. Gonzalez- 
Alonso et al. (1997b) concluded that dehydrated athletes are much less able to cope 
with hyperthermia. Therefore, it seems likely that if changes in cardiovascular function 
do occur as a result of exercising in hot environmental conditions while becoming 
dehydrated, the key aspect of this change is likely to be the reduction in the capacity of 
the body to cope with the developing hyperthermia, and it is this increased 
susceptibility to hyperthermia which produces the earlier onset of exhaustion. 
8.3. Carbohydrate Availability and Glycogen Utilization 
The results from Chapter V, which showed that there was no benefit of a carbohydrate- 
electrolyte solution on exercise capacity or 15 in sprint performance compared with 2 
water based solutions, suggested that carbohydrate availability was not an important 
factor in the capacity and performance reductions seen in the experimental studies. The 
finding in Chapter VII that whole muscle glycogen concentrations at the end of exercise 
in the hot trial were significantly greater than the concentrations measured at the end of 
the moderate trial, confirmed the idea that inadequate carbohydrate availability was not 
the source of the earlier onset of exhaustion seen in the heat. The results from the work 
presented in Chapters V and VII agree with a number of recent studies (Galloway and 
Maughan, 1997; Parkin et al., 1999; Pitsiladis and Maughan, 1999) which have also 
noted that inadequate carbohydrate availability is not a key factor in the earlier onset of 
exhaustion seen when humans exercise in hot environmental conditions. 
However, the idea that carbohydrate availability is not important during exercise in hot 
environmental conditions seems at odds with the findings of those studies which have 
noted an improved endurance performance when exercising in heat while drinking a 
solution containing carbohydrate (Murray et al., 1987; Davis et al., 1988b; Murray et 
al., 1989; Millard-Stafford et al., 1992; Below et al., 1995). It seems likely that 
variations in the thermal strain on the exercising individuals in the various studies 
probably explains these apparently contradictory findings. If subjects are able to 
exercise for a sufficient duration at a particular intensity, even if it is in 'hot' 
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environmental conditions, then the addition of carbohydrate to a drink may give an 
additional benefit over water. It should be noted therefore, that factors which reduce the 
thermal strain on an individual, such as whether subjects are acclimatized, or well- 
trained, and also whether the 'heat' is extreme or only moderate, should be considered 
when assessing the findings of studies. However, from the results presented in Chapter 
VII and of others (Galloway and Maughan, 1997; Parkin et al., 1999; Pitsiladis and 
Maughan, 1999) it is also clear that if the heat strain on the individual is sufficiently 
high some factor other than carbohydrate availability will induce the earlier onset of 
exhaustion. Furthermore, it should be noted that the suggestion that exhaustion during 
exercise in the heat would not seem to be related to glycogen depletion is based on data 
from whole muscle glycogen analysis. Febbraio et al. (1994a) has performed some 
histochen-tical analysis which suggests that glycogen usage in type I fibres is greater 
during cycling in hot environmental conditions compared with that in moderate, while 
type H fibres are unaffected, but without the quantitative deten-nination of the impact of 
heat stress on metabolism in particular fibre types it is not possible to say whether 
particular fibre types are preferentially depleted. 
Glycogen utilization was greater in the HT in Chapter VII in 7 out of 8 subjects. From 
the discussion above, the greater utilization of glycogen during inten-nittent running in 
hot environmental conditions would not seem to have had an exercise capacity or 
performance impact. Nevertheless, in a sporting situation if individuals were 
performing repeatedly during a number of days an increased utilization could have 
performance implications if dietary intake of carbohydrate were insufficient. However, 
as has been noted in Chapter II and Chapter VII an elevated glycogen usage has not 
been found in all the studies I which 
have investigated the impact of heat on glycogen 
utilization. In fact, of the 7 previous studies (Fink et al., 1975; Young et al., 1985; 
Nielsen et al., 1990; Yaspelkis et al., 1993; Febbraio et al., 1994a, 1994b; Maxwell et 
al., 1999) four did not find that heat increased utilization (Young et al., 1985; Nielsen 
et al., 1990; Yaspelkis et al., 1993; Maxwell et al., 1999). Again differences in the 
thermal strain experienced by the subjects may have been a factor in these differences 
(Yaspelkis et al., 1993; Maxwell et al., 1999) and there are some methodological 
concerns about one. of the studies (Nielsen et al., 1990). 
The mechanism responsible for elevating glycogen utilization in Chapter VII needs to 
be clarified. Muscle temperatures were significantly higher at the end of exercise in the 
HT, and elevated muscle temperatures alone have been shown to be associated with 
increased muscle glycogen breakdown (Febbraio et al., 1996b; Starkie et al., 1997). It 
has been suggested that an enhanced muscle temperature may increase utilization by 
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increasing the ATP turnover of the exercise (by [i] perhaps increasing enzyme activity 
or by [ii] affecting cross-bridge cycling rate and / or efficiency, and / or by [iii] 
changing the anaerobic / aerobic contribution to energy turnover) (Febbraio et al., 
1996b). Adrenaline concentrations were also higher in the HT in Chapter VII, and it is 
also possible that elevated adrenaline concentrations alone, or in combination with the 
higher muscle temperature, stimulated an increase in muscle glycogen usage (Febbraio 
et al., 1994a; Febbraio et al., 1996a; Febbraio et al., 1998). 
In summary, the results from Chapter V and VII support the assertion that inadequate 
carbohydrate availability is not a key factor in the earlier onset of exhaustion seen when 
humans exercise in hot environmental conditions. 
8.4. High Body Temperature 
From the discussion above, circulatory strain and inadequate carbohydrate availability 
would not seem to provide the basis for the reduction in exercise capacity and 15 m 
sprint speed seen when performing intermittent running in hot environmental 
conditions. The strong relationship found between the rate of rise in rectal temperature 
and the distance run, and the significantly higher deep body temperatures found at the 
end of exercise in the hot trials compared with the same point in time in the moderate 
trials, supports the idea that elevated deep body temperature is a key factor producing 
the earlier onset of exhaustion seen in Chapters IV, V! and VII, during intermittent 
running in hot environmental conditions. However, it is not easy to decide precisely 
what it is about a high deep body temperature which induces the early onset of 
exhaustion in hot environmental conditions. 
it has been suggested that high deep body temperature per se is the key factor inducing 
the earlier onset of exhaustion in hot environmental conditions (Nielsen et al., 1993). 
The fact that a number of authors have found that subjects stop exercising at the same 
high oesophageal temperature regardless of the effects of interventions such as 
acclimation (Nielsen et al., 1993,1997) or pre-cooling and preheating (Gonzalez- 
Alonso et al., 1999), without any sufficiently large differences in factors such as 
cardiac output, leg blood flow, and femoral and venous concentrations of lactate, 
glucose, free fatty acids and potassium, would seem to be a persuasive argument. 
However, it is not clear precisely how the drive to exercise is reduced. Also, the fact 
that it is possible for the same subjects to be exhausted at high, but significantly 
different rectal temperatures, when exercising in hot environmental conditions 
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(Pitsiladis and Maughan, 1999), may suggest that high deep body temperature per se 
may not be the complete answer to why individuals exhaust earlier in the heat. 
Another possible mechanism, although it was not tested in the thesis, which might 
explain why subjects exhaust earlier in the heat, but which could also allow for the 
apparently conflicting findings between Pitsiladis and Maughan (1999) and Nielsen et 
al. (1993,1997) with respect to high deep body temperature, is the idea that brain 
serotonergic activity may be influenced by exercising in the heat. If heat did elevate 
brain serotonin (which is a neuro-transmitter associated with arousal, lethargy and 
sleepiness (Davis and Bailey, 1997) one might expect that exercise capacity or 
performance might be detrimentally affected. Marvin et al. (1998) did find that when 
cooling of the head was used during exercise in 29 *C and 50 % RH, the prolactin 
response was attenuated and time to exhaustion was increased. (Prolactin is often used 
as a marker of serotonergic activity). It was noticeable that the subjects in * 
this study 
were exhausted at a rectal temperature of -38.7 *C in the control trial, and at a higher 
level in the 'cooled' trial (-39.3). This may indicate that high body temperature is not 
the key factor in the exhaustion seen during exercise in hot environmental conditions, 
or perhaps that the thermal strain imposed by the exercise in this study was not as great 
as that seen in this thesis or in the studies by Nielsen et al. (1993,1997) and Gonzalez- 
Alonso et al. (1999). Nevertheless, there are studies which suggest that brain serotonin 
activity is increased when body (Strachen et al., 1999) or skin (Bridges et al., 1999) 
temperature is elevated, and that branched chain amino acid supplementation prolongs 
exercise during heat stress (Mittleman et al., 1998). Therefore, increased serotonergic 
activity might explain the exhaustion seen in hot environmental conditions. 
From the discussion above it would seem that a high deep body temperature, or 
perhaps a high rate of rise in body temperature may well be crucial in inducing the early 
onset of exhaustion seen when exercising in hot environmental conditions. However, 
the mechanism through which elevations in body temperature may induce the early 
onset of exhaustion is still to be clearly established. 
From the work by Gonzalez-Alonso et aL (1999) and Parkin et aL (1999), and the data 
presented in Chapter VII, it-is clear that exercising in hot environmental conditions 
induces not only a high body temperature response in subjects but also a number of 
other physiological changes. Among these is an elevated muscle temperature and, as 
will be discussed below, this may provide another mechanism through which distance 
run may be reduced and 15 m sprint speed inhibited. 
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8.5. High Muscle Temperature 
Prolonged, intermittent, high-intensity running elevated muscle temperature (Tmus) 
above rectal temperature (Trec) in both hot and moderate environmental conditions (HT: 
Rest: Trec 37.25 ± 0.1, Tmus 34.7 ± 0.3, *C; End of exercise: Trec, 39.60 ± 0.15; 
Tmusq 40.2 ± 0.3, OC; MT: Rest: Trec, 37.10 ± 0.10, Tmust 34.6 ± 0.4, *C; End of 
exercise: Trec, 38.85 ± 0.15; Tmus? 39.3 ± 0.1, OC), which is consistent with the 
findings of a number of authors (Saltin and Hermansen, 1966; Saltin et al. 1968; 
Febbraio et al., 1994a, 1994b). 
Although studies have found that muscle temperature is significantly higher following 
40 minutes of cycle ergometry in 40 *C (20 % RH) compared with that following the 
same exercise in 20 T (20 % RH), the exercise bout was not necessarily exhaustive 
(Febbraio et al., 1994a, 1994b). It has been argued that very little information exists 
with respect to temperature in active musculature at the end of exhausting exercise when 
the conditions are hot (Gonzalez-Alonso et al., 1999). The study presented in Chapter 
VII showed that the active vastus lateralis temperature at the end of exercise to 
exhaustion was significantly higher when the running was conducted in hot 
environmental conditions, compared with the values seen at the same point in time, or 
the end of exercise in the moderate trial (HT 40.2 ± 0.3, MT 39.3 ± 0.2 (same point in 
time), 39.3 ± 0.1 (end of exercise) T, P<0.01 vs. HT). 
Parkin and colleagues (1999) found that the muscle temperature at the end of cycling to 
exhaustion in 40 'C was significantly higher than that seen at either 3 or 20 T (Tmus: 
40 *C: 40.7 ± 0.3, P<0.05 vs 3 and 20; 3 and 20 OC: 39.4 ± 0.2 and 39.4 + 0.2 
respectively, not significantly different from each other; relative humidity < 50 % in all 
trials). While these measurements were made after different durations of cycling, 
consequently making the direct comparison of muscle temperature at an equivalent point 
during exercise impossible, their findings do seem to be consistent with those made in 
Chapter VIL Also, in an investigation by Gonzalez-Alonso et al. (1999), which 
manipulated the heat stress during cycling to exhaustion by pre-cooling or pre-heating 
subjects, the end of exercise always coincided with a consistently high temperature in 
the vastus lateralis muscle (40.7 - 40.9 *Q despite different times to exhaustion. 
The muscle temperature results presented in Chapter VII and the recent findings by 
other authors (Parkin et al., 1999; Gonzalez-Alonso et al., 1999) imply that there may 
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be an association between the early onset of exhaustion produced by exercising in hot 
environmental conditions, and an elevated muscle temperature. However, there is no 
evidence that such an association is a causal relationship, and the mechanism by which 
a high muscle temperature might curtail sprint performance and intermittent running 
capacity is unknown. One suggestion made by Hargreaves and Febbraio (1998) is that 
high muscle temperature may reduce skeletal muscle function by producing structural 
and functional alterations in a number of proteins, involved in the distribution of 
electrolytes across the skeletal cell membrane, the release and recovery of calcium by 
the sarcoplasn-iic reticulum, the interactions between actin and myosin, and in die 
mitochondrial respiratory chain. However, as these authors note, little information 
exists to support or refute these suggestions. Work by Brooks et A (1971) examined 
mitochondrial function in rat skeletal muscle in vitro and found that when the muscle 
temperature exceeded 40 *C the ADP/O ratio decreased, indicating a reduction in the 
efficiency of mitochondrial function. The authors noted it was possible that such effects 
could also be observed in the heart, liver, and the central nervous system if they became 
heated, and a reduction in mitochondrial efficiency might explain the exhaustion 
experienced by individuals who became hyperthermic while performing prolonged 
exercise. In a study by Hsu et aL (1995) the soleus muscle of rats exposed to an oven 
temperature of 42 *C resulted in histochernical alterations in the mitochondria and 
produced increased mitochondrial area, which the authors suggested were indicative of 
a fundamental impairment of energy metabolism. Mills and colleagues (1996) have 
found that the addition of heat stress (30 *C, 80 % RH vs 20 *C, 40 % RH) during 60 
minutes of variable intensity treadmill running in the thoroughbred horse elevated 
indices of oxidative damage and stress (lipid hydroperoxides and oxidised glutathione) 
in the period following exercise. There are a number of mechanisms within the 
musculature which may be sensitive to oxidative damage and be detrimentally affected 
by an increase in free radical formation in the active muscle tissue. 
Therefore, while the evidence is sparse there does appear to be a number of different 
mechanisms through which an elevated muscle temperature may offer an explanation 
for the early onset of exhaustion seen when individuals exercise in hot environmental 
conditions. However, this possibility has not been extensively investigated and more 
research is needed before any concrete conclusions can be reached 
1. A caveat 
In a recent symposium (Challenges to Human Thermoregulation, 1999, The 
Physiological Society, Research Symposium) Sargeant presented work suggesting that 
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in a maximal sprint performed after 45 min of cycling to exhaustion (80 % Ný02max), 
subjects were able to produce the same peak power output as that achieved during a 
sprint performed just prior to the 45 min of exhaustive exercise. The muscle 
temperature at the end of the 45 min of cycling was 3.4 'C warmer than at the start of 
the exercise bout. Sargeant argued that the maintained power output was a function of 
the fatigue status of the muscle and its temperature. As elevations in muscle temperature 
increase muscle peak force and power (Sargeant, 1987), a fatigued but hot muscle can 
produce the same power output as an unfatigued, but cold muscle. Clearly, as Sargeant 
noted, fatigue and elevated muscle temperature interact to affect muscle function. In the 
study presented in Chapter V11 the change in muscle function associated with heating 
was not considered in the design. Therefore, the failure to see a difference in quadricep 
or hamstring force during the isokinetic testing needs careful evaluation. 
In Sargeant's previous work (1987), showing the benefits of elevations in muscle 
temperature, the maximal temperature in the heated legs was 39.3 OC which is the same 
as that seen in the MT during exercise in Chapter VII, but is -1 'C lower than the 
muscle temperature at the end of exercise in the HT, and is lower than the muscle 
temperature measured by others at the end of exhausting exercise in hot environmental 
conditions (40.7 *C, Parkin et al., 1999; 40.7 - 40.9 T, Gonzalez-Alonso et al., 
1999). This raises the question as to whether an extreme elevation in muscle 
temperature (above 40 oQ will be beneficial in terrns of increasing muscle function. 
8.6. Subject Characteristics 
Clearly, when assessing the findings of studies which have investigated the responses 
of individuals to exercise in hot environmental conditions, it is important to realise that 
factors such as the acclimation status of the subjects, how well-trained they are, what 
their hydration status was before exercise, what, and how much they drank during 
exercise, whether they have a large or small body mass (Dennis and Noakes, 1999), or 
a large body mass to surface area, are all factors which will impact on the heat strain a 
particular individual experiences, and hence will influence an individual's physiological 
responses to exercise in the heat. 
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8.7. What Causes Exhaustion During Exercise in Hot Environmental 
Conditions? 
The simple answer to the above question is that no-one knows for certain and the issue 
still needs to be resolved. From the results of the studies presented in this thesis and the 
discussion of other research, a number of mechanisms may provide a possible answer. 
Fig. 8.1. outlines some possible sources of exhaustion when individuals exercise in hot 
environmental conditions. However, most, if not all of these indicators of the potential 
exhaustion inducing mechanisms, occur simultaneously when a person becomes 
hyperthermic. For example, in Chapter VII deep body temperature was significantly 
higher as a result of performing prolonged, intermittent, high-intensity running in hot 
environmental conditions, but muscle temperature was higher also. Glycogen 
breakdown seemed to be higher in the HT as well, and cortisol concentrations were 
greater when the heat stress was elevated. Each one of these variables could be taken as 
indicative of a particular process of exhaustion. Therefore, it is difficult to discern 
which is the weak link, and as always with human subjects the weak link may be 
different in different individuals. Therefore, despite the extensive literature, the precise 
mechanism / mechanisms through which performance is curtailed when individuals are 
exposed to heat stress still needs to be clarified. However, from the studies presented in 
this thesis it seems that high deep body temperature may well be the critical factor in 
determining exercise performance in the heat. High deep body temperature mediated 
changes in brain function (and hence in motivation and drive to exercise), or changes in 
serotonergic mediators of central fatigue, and / or high muscle temperature induced 
changes in muscle function, seem to provide the most promising avenues for future 
research. 
8.8. Directions forfuture research 
I. Try and establish if there is indeed a mechanism which links reduced capacity 
and performance when exercising in hot environmental conditions with elevated body 
temperature. 
2. Try to clarify the relationship between muscle temperature and muscle power 
output and function. Is there a limit to the beneficial effects of an elevated muscle 
temperature, and if so in what circumstances do elevations in muscle temperature lead 
to reduced performance? 
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Central fatigue? 
FOR: Marvin et al., 1999; Bridges 
et al., 1999; Strachen et al., 1999 
AGAINST:? 
MECHANISM: Serotonin is a 
neurotansmitter which, if it 
increases in the brain can induce 
lethargy and sleepiness. 
Circulatory Failure? 
FOR: ? Gonsalez-Alonso 
et al., 1997b, 1998 
AGAINST: Neilsen et al., 
1990,1993,1997 
MECHANISM: Inability 
of the cardiovascular 
system to meet the 
demands of dehydration 
and of hyperthermia, 
resulting in a significant 
reduction in Q. 
Glycogen depletion? 
FOR: Elevated glycogen depletion in hot 
environmental conditions? 
AGAINST: Nielsen et al., 1990; Parkin et al., 
1999; Pitsaldis and Maughan, 1999; Chapter VII. - 
HT End 207.4 ± 34.3, MT End 126.5 ± 46.8 
mmol. kg dry wt- 1, P<0.0 1, n=8). 
MECHANISM: Low concentrations of glycogen 
are associated with exhaustion during prolonged 
exercise in moderate conditions. However, of itself 
this argument does not seem to explain the earlier 
onset of exhaustion seen when exercising in hot 
environmental conditions. 
However, quantitative single fibre analysis has 
never been performed and Parkin et al., 1999 
found IMP levels to be elevated at the end of 
exercise in 40 *C. 
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High Body Temperature per se? 
FOR: Nielsen et al., 1990,1992,1993, 
1997; Fuller et al., 1998 (rats); Gonzalez- 
Alonso et al., 1999; Present studies: Rate 
of rise in Trec vs. Distance run, r >- 0.9 
AGAINST: Pitsiladis and Maughan, 1999 
MECHANISM: Reduced motivation or 
drive to exercise. Precise mechanism and 
physiological process yet to be 
established. 
Dehydration? 
FOR: Maxwell et at., 1999 
AGAINST: ? Study V1, level of 
dehydration the same in 15 and 
30 *C but the distance run was 
considerably less in the heat 
when dehydrated. 
MECHANISM: ? Clearly 
exacerbates other problems, but 
of itself does not seem to be a 
direct explanation of the earlier 
exhaustion produced by 
exercising in hot environmental 
conditions. 
High Muscle Temperature? 
FOR: Parkin et al., 1999; Gonzalez- 
Alonso et al., 1999; Chapter VII: HT 40.2 
vs MT: 39.3 *C 
AGAINST: Muscle temperature at 
exhaustion following relatively prolonged 
exercise is not well investigated. 
Sargeant, 1987? 
MECHANISM: Potential sources include 
structural and functional alterations in a 
number of proteins, involved in the 
distribution of electrolytes across the 
skeletal cell membrane, the release and 
recovery of calcium by the sarcoplasmic 
reticulum, the interactions between actin 
and myosin, and in the mitochondrial 
respiratory chain. However, as yet not 
extensively studied. 
Fig. 8.1. Indicates the possible mechanisms which may be responsible 
for inducing exhaustion when humans exercise in hot environmental 
conditions. 
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3. Establish if the findings for the utilization of muscle glycogen in whole muscle, 
and their likely importance when trying to explain why individuals reach exhaustion 
earlier when exercising in hot environmental conditions, also holds true at the single 
fibre level. 
4. Establish the extent to which changes in splanchnic blood flow may alter fluid 
absorption and delivery. 
8.9. Practical advice 
What seems obvious from the detailed discussion above is that when the thermal strain 
on a human being becomes excessive the ability of that individual to function is 
impaired. What is also apparent is that precisely why this should be so is not fully 
understood; the exact mechanism/s through which exercise performance may be 
curtailed when the environmental conditions are hot are not easy to isolate and 
distinguish. However, while a fascinating puzzle, essentially this is a scientific 
problem. A competitive athlete is unlikely to care whether scientific understanding is 
complete provided the directions they are given prove to be appropriate in the 
competitive situation. What seems clear from the results of the studies in this thesis, 
and the above discussion of other research findings, is that it is the elevation of the 
body temperature which is the primary stimulus reducing exercise capacity and / or 
performance. Therefore, in a sentence, the best practical advice that can be given to an 
athlete competing in a hot environment is "don't get too hot! ". The statement is not 
meant to be insultingly obvious. It is meant to emphasise that current understanding 
would suggest that an individual who is able to minimise their heat storage relative to a 
sporting rival, when hyperthermia is likely to occur, is going to gain a competitive 
advantage. This is why athletes unaccustomed to exercising in hot environments 
perform acclimation sessions and acclimatize before events, and also why hydration 
status is so important. Recently some studies have pre-cooled subjects prior to exercise 
in hot environmental conditions and have found either an improved performance (Booth 
et al., 1997) or an increased duration of exercise compared to no cooling (Gonzalez- 
Alonso et al., 1999). However, it is questionable how relevant such protocols, which 
do not involve some form of warming-up, are to the elite athlete. Nevertheless, if high 
body temperature or the rate of rise in this temperature, and high muscle temperature are 
important factors in the exhaustion which is seen when exercising in hot environmental 
conditions, then any manoeuvre which limits the impact of such factors is potentially 
useful. 
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LOUGHBOROUGH UNIVERSITY 
Department of Physical Education, Sports Science and Recreation Management 
Prolonged, Intermittent, High-Intensity Running in a Hot Environment 
Sports Sci*ence 
, dv* Research Proj"eke., 
Are you a male 
I 
GAMES PLAYER, ENDURANCE 
RUNNER or ACTIVE SPORTSMAN, 
Hot environmental conditions reduce the ability of humans to exercise to fatigue compared to 
their capacities when the environmental conditions are moderate. There may be a number 
possible reasons for this earlier onset of fatigue. The mechanisms by which exercising 
individuals provide the energy to supply their working muscles may be adversely affected by 
hot environmental conditions. Or it could be that the system which conveys messages from 
the brain to the working muscles may be disrupted. Alternatively, hot environmental 
conditions may just reduce the motivation of individuals to exercise. The aim of the present 
study is to investigate why individuals fatigue in hot environmental conditions and perhaps 
uncover the possible mechanisms that may bring this about. Such information will provide 
games players and their coaches with some useful information on the best ways to ensure 
good performance when exercising in hot environments. 
The present study will involve 3 preliminary sessions and 2 main trials. During the 
preliminary sessions subjects will complete a Multistage Fitness Test, based on the 
performance of continuous 20m shuttles of increasing intensity, and will be familiarized with 
maximal leg contractions on a Cybex machine, and with the main trial protocol. The main 
trails will involve performance of a prolonged, intermittent, high-intensity running test 
developed at Loughborough (Loughborough Intermittent Shuttle Test [LIST]). Based on 
feedback from players who have performed this test, it provides a very realistic representation 
of the physical demands typical of games such as hockey, rugby and soccer. Participants will 
perform the LIST under two experimental conditions: while consuming water ad libitum, in 
hot (-30'C) and in moderate (-15*C) environmental conditions. 
FOR MORE INFORMATION 
If you are interested in participating in the study described above and would like more 
information, please contact John Morris via pigeonhole in the General Office in die John 
Hardie Building, or alternatively in room WW 106 in the Victory Hal I (or leave a message on 
ext. 8183). 
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Department of Physical Education, Sports Science and Recreation Management 
Muscle metabolism and function during prolonged, intermittent, 
high-intensity running in a hot environment. 
LAYMAN'S STATEMENT 
I 
Hot environmental conditions reduce the ability of humans to exercise to fatigue compared 
to their capacities when the environmental conditions are moderate. There may be a 
number of possible reasons for this earlier onset of fatigue. The mechanisms by which 
exercising individuals provide the energy to supply their working muscles may be 
adversely affected by hot environmental conditions. Or it could be that the system which 
conveys messages from the brain to the working muscles may be disrupted. Alternatively, 
hot environmental conditions may just reduce the motivation of individuals to exercise. 
The aim of the present study is to investigate why individuals fatigue in hot environmental 
conditions and perhaps uncover the possible mechanisms that may bring this about. Such 
information will provide games players and their coaches with some useful information on 
the best ways to ensure good performance when exercising in hot environments. 
The present study will involve 3 preliminary sessions and 2 main trials. During the 
preliminary sessions subjects will complete a Multistage Fitness Test, based oil die 
performance of continuous 20m shuttles of increasing intensity, and will be familiarised 
with maximal leg contractions on a Cybex machine, and with the main trial protocol. The 
main trails will involve performance of a prolonged, intermittent, high-intensity running 
test developed at Loughborough (Loughborough Intermittent Shuttle Test [LIST]). Based 
on feedback from players who have performed this test, it provides a very realistic 
representation of the physiological demands typical of games such as hockey, rugby and 
soccer. Participants will perform the LIST under two experimental conditions: while 
consuming water ad libitum, in hot (-30*C) and in moderate (-15*C) environmental 
conditions. 
Subjects will be required to give 5 muscle biopsies in total during the study, 2 during one 
of the trials and the remainder during the other. A biopsy is a small sample of muscle 
taken via a special needle under local anaesthetic. There is a small risk of bruising and 
stiffness the day after a muscle biopsy. However, the risk is minimized when the muscle 
sampling is undertaken by a trained and experienced person. Mr Boobis, who will 
perform the biopsies, is a consultant surgeon and has worked with the Department of 
Physical Education, Sports Science and Recreation Management on similar studies using 
this technique for over 14 years and is very skilled. 
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Subjects will be required to give blood samples before, during and after the LIST. These 
blood samples will be taken from a cannula (a thin, flexible, plastic tube) placed in a 
forearm vein. There is an extremely small risk that cannulation could result in an air or 
plastic embolism (essentially a blockage in a blood vessel), but good practice rnýinimises 
this risk, and no such problems have ever been experienced during the many years of 
experimentation carried out in the Physical Education, Sports Science and Recreation 
Management Department at Loughborough using this technique. Inner body temperature 
measurements will also be taken throughout the 2 main trials and this will be done by 
means of a rectal thermometer. 
The study will take approximately (-) 12 hours in total over a -40 day period, involving 
-6 visits to the lab. Subjects should be games players, endurance athletes or active 
sportsmen who participate in vigorous activity a number of times per week. Personal 
performance results as well as the overall results of the study will be provided for each 
participant. 
Please now read the detailed information for subjects for a full outline of the experiment 
Please ask as many questions about the study as you wish to. 
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I Detailed Information 
-SUPERVISORS: Dr. Mary E. Nevill 
Prof. Clyde Williams 
Mr. Leslie Boobis (Consultant Surgeon) 
INVESTIGATOR: Mr. John G. Morris (Ph. D. student) 
Mr. Chris Cowman (B. Sc. student) 
LPROJECT TITLE: 
Muscle metabolism and function during prolonged, intermittent, high-intensity running in 
a hot environment. 
BACKGROUND TO THE PROJECT: 
The decreased capacity of humans to perform exercise to fatigue when the environmental 
conditions are hot compared to when they are moderate or cool has been established using 
a wide variety of exercise models. Work in our lab and others suggests that it is high body 
temperature per se that induces this earlier onset of fatigue (Morris et al., 1998; Nielsen, 
1993). However, the mechanism/s by which this fatigue is brought about is still yet to be 
elucidated, although from the literature it would seem a number of processes could be 
involved. 
A possible explanation for the earlier onset of fatigue is that heat stress causes changes in 
the metabolism of the working muscle. Many studies have investigated muscle glycogen 
utilization during exercise in hot compared with moderate or cool environmental 
conditions. A number have indeed found elevated levels of muscle glycogen utilization as 
a result of heat stress when comparing non-exhaustive bouts of exercise (for the majority 
of the subjects studied) of equivalent duration (Febbraio et al, 1994a, 1994b; Fink et al., 
1975). If the 20-80% greater rates of utilization evident in these studies was also occumng 
when exercise was continued to fatigue, then low muscle glycogen eve s (w ich - I1 11 are 
associated with stopping during prolonged exercise in moderate environmental conditions) 
could provide an explanation for the earlier onset of fatigue due to heat stress. However, 
increased utilization is not found in all studies (Yaspelkis et al., 1993; Young et al., 1985), 
and even researchers who have demonstrated this finding consistently in cycling of 
equivalent duration have also shown that subjects who rode to fatigue in 3,20 and 40"C 
had approximately twice as much glycogen in the biopsied working tissue at fatigue in the 
40'C trial as in the other two temperature conditions (Febbraio- et al, 1996). Therefore, 
perhaps some factor other than elevated muscle glycogen usage is the source of the heat 
stress induced fatigue. 
In our studies so far we have found no indication from blood metabolite responses such as lactate concentrations, which were similar in hot and moderate environmental conditions, 
that muscle glycogen utilization is elevated due to heat stress. However, we are only 
inferring such a conclusion. It would certainly enable us to eliminate a potential source of fatigue during intermittent shuttle running if muscle glycogen concentrations were 
established directly from biopsy samples. Also, all but one of the previous studies which 
have investigated muscle glycogen utilization during exercise in hot environmental 
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conditions have used cycling as the exercise model (the other used uphill treadmill 
walking) and therefore a study using running would be a useful addition to the literature. 
Another possible fatigue mechanism when exercising in hot environmental conditions 
could be the inhibition of motor function due to elevated body temperature (Nielsen, 
1990). Only one study has investigated this suggestion. When maximal voluntary 
contractions (MVQ were compared, in working and non-working muscle groups, pre and 
post submaximal cycling to fatigue in hot environmental conditions, no differences were 
found in MVC between the beginning and end of exercise (Nielsen, 1993). In the present 
study it is proposed that MVC is established using a Cybex machine, following the 
biopsies, on the non-sampled leg. 
Therefore, the aim of the present study is to investigate muscle metabolism and function in 
individuals performing prolonged, intermittent, high intensity shuttle running in hot 
environmental conditions (-30*C). The information obtained may further understanding of 
the physiological mechanisms involved in thermoregulation and perhaps help clarify how 
heat stress induces fatigue during prolonged, intermittent, high-intensity running. The 
study will also provide games players and their coaches with useful infon-nation on the 
best ways to ensure good performance in hot environmental conditions. 
The present study will involve performance of a prolonged, intermittent, high-intensity 
shuttle running test, developed at Loughborough (Loughborough Intermittent Shuttle Test 
[LIST])by Dr. Ceri Nicholas and Prof. C. Williams (Nicholas et al., 1995). Based on 
feedback from players who have performed this test, it provides a very realistic 
representation of the physiological demands typical of games such as field hockey, rugby 
and soccer. After preliminary testing subjects will be required to perform the LIST on two 
occasions; once in hot environmental conditions and once in moderate (biopsy trial). The 
trials will be separated by 14 days. 
OCATION OFTHE STUDY: L 
A All gTIlOtake placeSinUthe 
ýz 
ll testing will takeýplace in e Sports Science Research Laboratories and Sports Hall 
Gymnasium in the Department of Physical Education, Sports Science and Recreation 
Management at Loughborough University of Technology. Testing will be arranged at 
times mutually convenient to subjects and the research team. 
OUTLINE OF THE PROJECT: * 
Familiarisation and Preliminary Tests 
Subjects will be required to attend the laboratory on three separate occasions prior to each 
of the main trials. During visit I (approximately 90 minutes in duration) subject's height 
and weight will be measured, and medical and training questionnaires completed. 
Maximum oxygen uptake ( V02max) will then be estimated by means of the Multistage 
Fitness Test (Ramsbottorn et al., 1988). This test is based on the performance of 
continuous 20m shuttles of increasing intensity. During this session subjects will also be 
familiarised with the LIST protocol (see attached diagram). During visit 2 subjects will be 
fan-ffliarised with maximal isokinetic contractions on a Cybex isokinetic machine. During a 
third preliminary session subjects will perform the main trial protocol for approximately 
thirty minutes at 30'C, and will also perform the muscle actions on the Cybex. 
Main Tests 
Subjects will be required to perform the LIST with ad libitum water ingestion on two 
occasions; once in hot environmental conditions [-30*C, dry bulb temperature] and once 
in moderate environmental conditions [-20'Cl. The trials will be separated by 14 days. 
Subjects will need to set aside approximately 4 hours to complete each trial. 
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Following an overnight fast of 12 hours, subjects will perform the LIST at an exercise 
intensity that corresponds to their individual maximum oxygen uptake. The LIST involves 
repeated bouts of: 
PACE DISTANCE INTENSITY 
I Walking 3x 20 metres - 13 s/ 20 metres 
2 Maximum sprint Ix 15 metres Maximum speed 
3 Recovery walk -3 metres 4 second duration 
4 Running( ruise) 3x 20 metres - 85% V02max 
15 1 Jogging 3x 20 metres - 45% V02max 
Each bout is repeated continuously for 15 minutes followed by a3 minute rest period for 
blood sampling. This 15 minute exercise set: 3 minute rest period pattern will be repeated 
until fatigue in all trials. 
Five biopsy samples from the vastus lateralis muscle of the quadriceps group will be taken 
in total during the trials: two samples will be collected in one trial while three will be 
collected in the other. The biopsies will be taken under local anaesthetic (5 ml of I% 
lignocaine) while a subject is lying on an examination couch. The biopsies will be obtained 
using the percutaneous needle biopsy technique and will be performed by Mr. Leslie 
Boobis, a consultant surgeon. Dr. Boobis has performed over 350 such biopsies during 
previous studies in the Department of Physical Education, Sports Science and Recreation 
Management. Muscle temperature will also be obtained at the same time points by a probe inserted into the vastus lateralis by Dr. Boobis. The insertion point will be anaesthetised (2 
n-d of 1% lignocaine). 
Immediately following each of the biopsies and muscle temperature measurements subjects 
will perform 3 maximal isokinetic contractions on a Cybex isokinetic machine at 600. s- I 
and 300'. s-1. The muscles exercised will be the quadriceps femoris and hamstring group 
of the leg which has not just been biopsied. 
Venous blood samples (10 ml) will be taken (through an intravenous cannula, placed in a forearm vein under local anaesthetic by Dr. Nevill) at rest, during each 3 minute rest 
period, and at the end of the LIST. 
Core temperature (measured via a rectal probe) and heart rate (measured using short range 
telemetry) will be continuously monitored throughout each trial. 
Air temperature will be recorded during each bout of the LIST and an individual, s 
perceived exertion (Borg, 1962) during the exercise will be noted toward the end of each 15 minute period. 
TRAINING: No intense training should be undertaken for 2 days before the main trials 
DIET: Subjects will be required to weigh and record their food intake during the 2 days 
prior to each main trial. As near as is practically possible the diet consumed prior to the 
first main trial should be repeated during the 2 days before the remaining trial. 
ALCOHOL CONSUMPTION: Subjects will be required to refrain from consuming 
alcohol for the day prior to each of the main trials. 
CLOTHING: Subjects are advised to wear loose fitting t-shirt / vest, shorts, socks and 
running shoes with a good gripping sole for each testing occasion. 
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POSSIBLE RISKS AND DISCOMFORTS: 
This study requires volunteers to exercise maximally, intermittently, for the duration of the 
LIST, and is therefore of a demanding nature. However, subjects involved in the study 
will be accustomed to performing demanding exercise and will be thoroughly familiarised 
with experimental procedures, including exercising in hot conditions. Subjects will be 
instructed and encouraged to stop exercising at any time that the demands of the test 
become intolerable. In addition, subjects will be continually monitored and if the subject 
appears unduly distressed, or if core body temperature rises above 40 degrees centigrade 
exercise will be terminated. Also, to safeguard against dehydration subjects will be asked 
to consume 5ml. kg-I of water 2 hours prior to each trial. Equipment will be available for 
rapid body cooling in the unlikely case that it should be required. 
There is a small risk of bruising and stiffness the day after a muscle biopsy. However, the 
risk is minimized when the muscle sampling is undertaken by a trained and experienced 
person. Mr Boobis, who will perform the biopsies, is a consultant surgeon and has 
worked with the Department of Physical Education, Sports Science and Recreation 
Management on similar studies using this technique for over 14 years and is very skilled. 
The cannula placement will be carried out by Dr Mary E. Nevill under local anaesthetic, 
and therefore discomfort to the subjects should be minimal. There is an extremely small 
risk that cannulation could result in an air or plastic embolism, but good practice minimises 
this risk, and no such problem has ever been occurred during the many years the 
Department has been using this technique 
All procedures will be carried out in accordance with the Code of Practice for Workers 
having Contact with Body Fluids. 
Subjects, immediately prior to and following each main test, will be weighed nude in th 
strictest privacy. 
CONFIDENTIALITY: 
Even though the data collected may be presented in various forms Ooumal articles, papers, 
etc. ), personal information will be treated in confidence. That is, names will not be used, 
nor will subject's initials be associated with the data in the presentations. 
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Muscle Metabolism and Function During Prolonged, Intermittent, 
High-intensity Running in a got Environment. 
STATEMENT OF INFORMED CONSENT 
I have read the description of the format and procedures involved in the "Muscle 
Metabolism and Function During Prolonged, Intermittent, High-intensity Running in a 
Hot Environment" Investigation and I understand what will be required of me as a 
subject. I have had the opportunity to ask for further information and clarification with 
regard to the demands and procedures. I am aware that I have the right to withdraw 
from the study at any time with no obligation to provide reasons for my decision. 
I agree to take part in the "Muscle Metabolism and Function During Prolonged, 
Intermittent, High-intensity Running in a Hot Environment" Study 
Signed Date 
Witnessed by 
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LOUGHBOROUGH UNIVERSITY 
Department of Physical Education, Sports Science and Recreation Management 
CONFIDENTIAL 
HEALTH HISTORY QUESTIONNAIRE 
DATE AGE 
NAME DATE OF BIRTH 
ADDRESS TELEPHONE 
MARITAL STATUS 
OCCUPATION 
DOCTOR 
jEAST HISTORY (121ease tick yes or no) 
Have you ever had ? 
Rheumatic fever / heart murmur 
High blood pressure 
Any heart trouble 
Disease of arteries 
Varicose viens 
Lung disease 
Asthma 
Kidney disease 
Liver disease 
Diabetes 
]Epilepsy 
Thyroid disease 
Any blood clotting disorders 
Any abnormal bruising 
Any form of depressive illness 
Yes No 
H 11 
H 11 
H 11 
H 11 
H 11 
HH 
HH 
H 11 
H 11 
H 11 
H 11 
H 11 
H 11 
H 11 
H 11 
FAMILY HISORY (please-tick yes or no) 
Have any of your family ever had ? 
Yes No 
Heart disease 
High blood pressure 
High cholesterol 
Stroke 
Diabetes 
Congenital heart disease 
Heart operations 
Any blood clotting disorders 
Early death 
Other family illnesses 
140SPrFALISATIONS 
Year Reason 
Year Reason 
Year Reason 
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Any other medical problems ? 
PRESENT SYMPTOMS 
(Have you recently had ?) 
Yes No 
Chest pain / discomfort during 
exercise 
Shortness of breath during exercise 
Heart palpitations 
Skipped heart beats 
Cough on exertion 
Coughing of blood 
Dizzy spells 
Frequent headaches 
Frequent colds 
Recurrent sore throat 
Back pain 
Aching or swollen joints 
Orthopaedic problems 
Unexplained weight loss (>5 lbs) 
Any form of depressive illness 
*Are you currently taking any prescription or non-prescription medications ? 
Medication Reason for taking For how long? Dosage 
*Do you currently smoke ? Yes - 
No 
If so, what ? How much 9 
14ave you ever quit smoking ? For how long did you smoke ? 
*How much alcohol do you consume in one week ? 
What type ? Beer (pints) _ 
Wine (glass) 
_ Other 
*I-low much caffeinated beverage do you consume per day ? 
What type ? Coffe (cups) - 
Tea (cups) Other 
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*Do you take any dietary supplements (carbohydrate drinks, vitamins, creatine, others) ? 
If so what ? Dosage 
*How would you describe your state of well-being at this time (please tick one) ? 
Very, very good Poor 
Very good Very poor 
Good Very, very poor 
Neither good nor poor 
For female subjects only: 
Are you currently pregnant ? 
Are you trying to become pregnant ? 
Have you recently given birth ? 
if the answer is yes to any of the above questions please give details: 
-197- 
I 
Appendix A4 
LOUGHBOROUGH UNIVERSITY 
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Training Status 
SUBJECT GENERAL INFORMATION 
Name: Address: 
Telephone Number: (H) (W) 
Date of Birth: Occupation: 
Sport/s: Events (if applicable): 
Level: (e. g. recreational, county, national etc. ) 
Training status: (e. g. fully / half fit / recovering) 
Training 
(Please tick or cross appropriate answers) 
How many days each week do you usually train? 
Do you perform ENDURANCE training? 
I Yes I No 
If YES, what is the duration, frequency and pace of the sessions you perform? 
Duration (minutes [minj) 0-30 1 30-45 1 45-60.1 60-75 1 75-90 1 90-105 1 105-120 1 120-135 OTHER 
Frequency 
Pace (e. g. min. / ile) 
Do you perform SPRINT training? 
[ -Yes 
No 
If YES, what is the duration and frequency of the sessions you perform? 
Do you perform WEIGHT or CIRCUIT training? 
1-Yes I NLIO 
If YES, what is the duration and frequency of the sessions you perform? 
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Do you perform SPORT BASED training? Yes INo 
If YES, what is the duration and frequency of the sessions you perform? 
Duration (minutes [minj) 0-30 30-45 45-60 60-75 75-90 90-105 105-120 120-135 ýýERJ 
Fmquency I 
Duration (minutes [minj) 
Frequency 
Are there any of forms of training which you perform which do not fit easily into the 
designated categories above? Please describe: 
GAMES PLAYERS - How many matches do you play per week 
105-120 
111213141 
Other 
Thank you for taking the time to complete this questionnaire. 
0-30 30-45 45-60 60-75 75-90 90-105 120-135 OTHER 
100 
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LOUGHBOROUGH UNIVERSITY 
Department of Physical Education, Sports Science and Recreation Management 
Prolonged, Intermittent, High Intensity Running in a Hot Environment 
SHUTTLE RUN V02max TEST 
Name: D. O. B. Date: 
Weight (kg): Height (cm): 
SHUTT", E RUN TEST 
Level 11234567 
Level 212345678 
Level 312345678 
Level 4123456789 
Level 5123456789 
Level 6123456789 10 
Level 7123456789 10 
Level 8123456789 10 11 
Level 9123456789 10 11 
Level 10 123456789 10 11 
Level 11 123456789 10 11 12 
Level 12 123456789 10 11 12 
Level 13 123456789 10 11 12 13 
Level 14 123456789 10 11 12 13 
Level 15 123456789 10 11 12 13 
Level 16 123456789 10 11 12 13 14 
Level 17 123456789 10 11 12 13 14 
Level 18 123456789 10 11 12 13 14 15 
RESULTS 
Level and shuttle attained: 
V02max equivalent [ml. kg-I. min. -Ij (Ramsbottorn et al., 1988): 
V02 
ml. kg-l. min. -I 
Equivalent lev. and shut. 
in the shuttle run test 
20m speed which V02 
equates with 
4 02max 
[-85% V02max 
-WA-LK(s/20m) SPRINT(15m) Recovery CRUISE(s/20m) JOG (s/20m) 
(13s / 20m) (recorded time) walk (4s) (85% V02 pace) (45% V02 pace) 
Rep. 13 4 
1 www R CCC iii 
2 www R CCC iii 
3 www R CCC i 
4 www R CCC i 
5 www R CCC iii 
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A B C D E -F -7 G 
1 LEVEL Shuttle PredM-V02 85 per cent Y=0.258*%PredVO2 Speed Time for 2Fm 
2 Number ml/kg/min. Pred V02 -1.876 2.08+0.14*y 20/speed 
3 
4 11 2 50.8 43.2 9.26444 3.3770216 5.92 
5 5 11 4 51.4 43.7 9.39602 3.3954428 5.89 
6 11 6 51.9 44.1 9.50567 3.4107938 5.86 
7 11 8 52.5 44.6 9.63725 3.429215 5.83 
8 11 10 53.1 45.1 9.76883 3.4476362 
_5.80 9 11 12 53.7 45.6 9.90041 3.4660574 5.77 
10 12 2 54.3 46.2 10.03199 3.4844786 _ 5.74 
11 1 ý2 4 54.8 46.6 10.14164 3.4998296 5.71 
121 12 6 55.4 47.1 10.27322 3.5182508 5.68 
13 12 8 56 47.6 10.4048 3.536672 5.66 
14 12 10 56.5 48.0 10.51445 3.552023 6.63 
15 12 12 57.1 48.5 10.64603 3.5704442 5.60 
16 - 13 2 57.6 49.0 10.75568 3.5857952 5.58 
17 13 4 58.2 49.5 10.88726 3.6042164 5.55 
18 13 6 58.7 49.9 10.99691 3.6195674 5.53 
19 13 8 59.3 50.4 11.12849 3.6379886 5.50 
20 13 10 59.8 50.8 11.23814 
_3.6533396 
5.47 
21 13 13 60.6 51.5 11.4135B 3.6779012 5.44 
221 14 2 61.1 51.9 11.52323 3.6932522 5.42 
231 14 4 61.7 52.4 11.65481 3.7116734 5.39 
24 14 6 62.2 52.9 11.76446 3.7270244 5.37 
25 14 8 62.7 53.3 Il 1.87411 3.7423754 5.34 
26 14 10 63.2 53.7 11.98376 3.7577264 5.32 
27 14 13 64 54.4 12.1592 3.782288 5.29 
28 
291 
30 1 LEVEL Shuttle PredM-V02 45 per cent y=0.258*%PredVO2 Speed Time for 20m 
31- 1 Number ml/kg/min. Pred V02 -1.876 2.08+0.14*y 20/speed 
32 1 
33 111 2 50.8 22.9 4.02188 2.6430632 7.57 
34 11 4 51.4 23.1 4.09154 2.6528156 7.54 
35 11 6 51.9 23.4 4.14959 2.6609426 7.52 
36 11 8 52.5 23.6 4.21925 2.670695 7.49 
37 11 10 53.1 23.9 4.28891 2.6804474 7.46 
38 11 12 53.7 24.2 4.35857 2.6901998 7.43 
39 1 12 2 54.3 24.4 4.42823 2.6999622 7.41 
40 1 12 4 54.8 24.7 4.48628 2.7080792 7.39 
41 12 6 55.4 24.9 4.55594 2.7178316 7.36 
42 12 8 56 25.2 4.6256 2.727584 7.33 
43 12 10 56.5 25.4 4.68365 2.735711 7.31 
44 12 12 57.1 25.7 4.75331 2.7454634 7.28 
45 13 2 57.6 25.9 4.81136 2.7535904 7.26 
46 1 13 4 58.2 26.2 4.88102 2.7633428 7.24 
47 1 13 6 58.7 26.4 4.93907 2.7714698 7.22 
48 1 13 a 59.3 26.7 5.00873 2.7812222 7.19 
49 1 13 10 59.8 26.9 5.06678 2.7893492 7.17 
so 13 13 60.6 27.3 5.15966 2.8023524 7.14 
51 14 2 61.1 27.5 5.21771 2. BI04794 7.12 
52 1 14 4 61.7 27.8 5.28737 2. B20231 B 7.09 
53 14 6 62.2 26.0 5.34542 2.8283588 7.07 
54 14 a 62.7 1 28.2 5.40347 2.8364858 7.05 
55 14 '10 63.2 28.4 5.46152 2.8446128 7.03 
56 14 13 64 28.8 1 5.5544 PA57616 7.00 
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Table A 7. Test - retest values for muscle function assessment of the knee flexors and 
extensors using an isokinetic dynamometer (Cybex NorrnTm, Model 770, Lumex Inc., 
U. S. A. ), and a protocol requiring subjects to perform 3 'warm-up' repetitions at -50, -75 
and 100 % of maximal effort at 60 %s-', followed by 3 maximal effort reps at this speed 
and then 5 at 180 *. s-. Values presented are based on the peak torque achieved (Nm) and 
n= 20. LOA = 95% Limits of Agreement. From work by Thompson, 1999, Ph. D Thesis 
"Muscle Damage and Soreness Following Prolonged, Intermittent, Shuttle Running and 
the Effect of Vitamin C Supplementation". 
Movement Speed Test I Test 2 Difference ± Pearson's 
LOA (Nm) correlation 
coefficient 
Left Knee Flexor 60 *. s-' 140.2 140.8 -0.6±15.3 0.96 
180 *. s-' 91.4 91.9 -0.5±15.7 0.94 
Right Knee Flexor 60 '. s-' 133.4 137.4 -4.0±15.5 0.96 
180 *. s-1 92.6 95.0 -2.4±13.6 0.93 
Left Knee Extensor 60 *. s-' 213.0 212.3 0.7±21.4 0.96 
180 O. s-' 147.2 146.3 0.9±18.8 0.90 
Right Knee Extensor 60 *. s-' 215.3 214.2 1.1±21.6 0.96 
180'. s-' 143.3 145.5 -2.2±17.1 0.94 
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LOUGHBOROUGH UNIVERSITY 
Department of Physical Education, Sports Science and Recreation Management 
Muscle Metabolism and Function During Prolonged, Intermittent, 
High-Intensity Running 
FOOD RECORD DIARY 
CONFIDENTIAL 
for 
NAME: 
----------------------------------------- (FIRST) (INITIAL) (SURNAME) 
The purpose of the FOOD RECORD DIARY is to assist you in recording your diet 
(all food and drink consumed) for the two days 12rior to the first intermittent. 
shuttle test. and then (as closely as possible) to replicate that diet for the two 
days prior to the second intermittent. shuttle test. 
INSTRUCTIONS 
Please record everything (regular meals and snacks) that you eat and drink 
over the two day period, indicating A. the time of consumption, B. whether the 
food was consumed at home or away from home, C. the name of the food 
(Brand Name if known), D. a description of the food item and how it was 
prepared (cooked), and E&F, the quantity - weight or volume (amount) 
consumed. 
Start a new page for your diary for each day and record each item on a 
I separate line 
Space is provided at the foot of each page for general comments about your 
diet and any training or physical activity that you participated in that day. 
eg. Steady run, morning -I hour 
Missed lunch due to stomach pains 
A full example sheet is included showing how to record a days food and how to 
fill in the comment section. 
Please try to be as accurate as possible and to match the diet for the two days 
prior to your first test during the two days prior to your second test. 
Please remember to avoid Intense Training for the two days prior to each 
test session and in addition to refrain from consuming alcohol for the day 
prior to each of the tests. 
Please remember that you should come to the lab on the morning of the main 
trials in a fasted condition. That is you should not eat or drink anything 
(other than water) for 12 hours before your scheduled start time (see times 
and dates indicated below). On the day of the test drink approximately 400 - 600 ml of water about 2 hours before the start time. 
Test 1 is scheduled at - -- -M on 
Test 2 is scheduled at -M on 
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1 LOGY I iuliul I cc" I 
Ray .... ................. day Date- Day Order 
Please use AMoarate line for ten* write in weight of glate., leave a line betw 
A5 11 C D1EI OFFICE USE CNLy 
Time lFoodeaten lBrandnmneof l Full description of each item including: i. Weight I Weight of I Actual Food 
znVc)mj home awayl each item (excectl -whether fresh. frozen. dried. canned Seryed Leftovers i Weight Code 
i fresh food) -how cooked 
-what type of fat rood fried in ms 
681ERAL C OMVIE NTS. 
I rl 
A B c D E F G 
Dry Bulb Wet bulb Psa PsAb Pa Relative 
2 temp temp assume t =DBT assume t =WBT Humidity_ 
3 
4 Equations EXP(18.956-4030.18/(BlO+235)) 
5 Equations EXP(18.956-4030.18/(CJ C 
6 Equations EIO-0. 667*(BI O-ClO) 
7 Equations F lO/DlO*100 
8 
9 
10 Midý-1-1 18.9 51.15 21.82 12.22 23.9 
11 End Sl 33.8 19 52.60 21.96 12.09 23.0 
12 Mid S2 33.9 19 52.90 21.96 12.02 22.7 
_ 13 End S2 34 19.2 53.19 22.23 12.36 23.2 
14 Mid S3 33.8 19.4 52.60 22.51 12.91 24.5 
15 JEnd S3 34 19.5 53.19 22.65 12.98 24.4 
16 Mid S4 33.9 19.7 52.90 22.94 13.47 25.5 
17 End S4 33.8 19.6 52.60 22.80 13.32 25.3 
18 Mid S5 34 19.7 53.19 22.94 13.40 25.2 
19 End S5 33.4 19.6 51.44 22.80 -i3.59 26.4 
- 20 IMid S6 33.4 1 9.6 51.44 22.80 13.59 26.4 
21 1 Mid S1-2 33.9 _ 18.9 52.90 21.82 11.82 22.3 
22 EndSl 33.2 18.9 50.87 21.82 12.28 24.1 
23 Mid S2 
t 
33.8 19 52.60 21.96 12.09 23.0 
24 End S2 34 19.2 53.19 22.23 12.36 23.2 
25 25 Mid S3 34.3 19.8 54.09 23.08 13.41 24.8 
26 1 End S3 33.9 19.4 52.90 22.51 
i2.8 4 24.3 
27 IMId S4 34 
_1 
9.7 53.19 22.94 13.40 25.2 
28 1 End S4 33.8 19.6 52.60 22.80 13.32 25.3 
29 Mid S5 34 19.6 53.19 22.80 13.19 24.8 
30 End S5 33.8 19.8 52.60 23.08 13.74 26.1 
31 Mid S6 33.3 19.8 51.15 23.08 14.08 27.5 
32 Mid S1-3 33.7 19 52.31 21.96 12.15 23.2 
33 1 End -Sl 33.9 19 52.90 21.96 12.02 22.7 
34 IMid S2 33.9 19.1 52.90 22.10 12.22 23.1 
35 1 End S2 34 19.2 53.19 22.23 12.36 23.2 
36 Mid S3 33.9 19.4 52.90 22.51 12.84 24.3 
37 End S3 34.1 19.7 53.49 22.94 13.33 24.9 
38 Mid S4 34 20 53.19 23.37 14.03 26.4 
39 End S4 34.1 19.8 53.49 23.08 13.54 25.3 
40 [Mid S5 33.8 19.7 52.60 22.94 13.53 25.7 
41 End S5 33.4 
- 
-19.8 
- 
51.44 23.08 14.01 27.2 
42 Mid S6 3.4 3 19,9 j 51.44 23.22 14.22 27.6 
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Test - retest distances for the LIST: From C. W. Nicholas (1996) "Influence of 
Nutrition on Muscle Metabolism and Performance during Prolonged, Intermittent, 
High-Intensity Running in Man" Ph. D. Thesis. 
Raw Data 
Subject Trial A (TA) Trial B (TB) % Error Cv 
(min) (min) (TA-TB) 
I 
2 
3 
4 
5 
6 
7 
8 
110 104.3 5.2 3.8 
92.1 94.4 -2.5 1.7 
95.2 96.1 -0.9 0.7 
96.2 97.5 -1.4 0.9 
93.4 93.4 0.0 0.0 
93.8 92.4 1.5 1.1 
93.2 94.7 -1.6 1.1 
96.7 95.7 1.0 0.7 
Mean 96.3 
St. Dev. 5.7 
SEM 2.0 
96.1 0.2 
3.7 2.4 
1.3 0.9 
1.3 
1.1 
0.4 
The mean difference for Trial A and Trial B is 0.3 min or 0.2 %. The corresponding 
limits of agreement are -4.6 - 5.2 min or -4.5 - 4.9 %. 
A t-test showed that the 2 trials were not significantly different from each other and the 
Pearson product moment correlation coefficient was r=0.95 (P < 0.01) for the 2 
trials. Using a Spearman rank order correlation coefficient the r value was 0.71 (P < 
0.01). 
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Blood Assays 
Haematocrit M Cell Volume) 
Procedure: 
1. Three small bore haematocrit tubes (Scientific Products Ltd., Baxter Healthcare 
Corporation, U. S. A. ) were filled with venous blood using capillary action. 
2. Plasticine was used to seal the tubes at one end, and tubes were then centrifuged 
for 15 minutes (micro-haematocrit centrifuge, Hawksley and Sons Ltd, Lancing, 
U. K. ). 
3. The haernatocrit proportion of the blood sample was subsequently established 
using a micro-haernatocrit reader (Hawksley and Sons Ltd, Lancing, U. K. ). 
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Spectrophotometric determination of Haemoglobin (The Cyanmethemoglobin 
Method) [546 nml 
Principle: 
Haemoglobin is oxidised to methemoglobin by ferricyanide. The addition of 
potassium cyanide converts the methemoglobin to the stable cyanmethemoglobin. 
Haernoglobin + Cyanide + Ferricyanide => Cyanmethemoglobin. 
Reagents: 
A commercially available kit was used to establish haernoglobin concentration (Test- 
Combination Haemoglobin, Boehringer Mannheim U. K. Ltd., Lewes, U. K. ). 
Drabkin's solution was prepared in aI litre volumetric flask by diluting 25 ml of 
potassium hexacyanoferrate (111) (0.6 mmol. 1-1) and 25 ml of potassium cyanide (0.75 
mmol. l-') with distilled water. The one litre of solution was then stored in an amber 
bottle. 
Procedure: 
1. Duplicate samples of 20 pl of venous Iblood 
were dispensed into 5 ml of 
Drabkin's solution in a glass or plastic tube. The samples were thoroughly 
mixed. 
2. Within 6 hours of collection the absorbance of each sample was established 
spectrophotometrically (Digital Grating Spectrophotometer Series 2, Model 
CE393, Cecil Instruments Ltd., Cambridge, U. K. ) in a cuvette at 546 nm, against 
a Drabkin's blank. 
3. The relative absorbance (A) was calculated (absorbance of sample - absorbance 
of Drabkin's blank). The concentration of haernoglobin was given by the 
following equation: 
haernoglobin concentration (g. dl-') = (37.2 * A) + 0.06 
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ST) 
Principle: NADPH NADP+ 
a-oxoglutarate + NH4 
glutamate dehydrogenase ýl L-glutamate + H20 
Reagents: The Boehringer Mannheim MPR I Ammonia kit was used 
(Cat. No. 125 857) 
Initial concentrations of solutions: 
Reagent solution: NADPH 0.10 mmol-l-I 
triethanolamine buffer 0.15 mol -1-1, pH 8.6 
a-oxoglutarate 15 mmol-l-I 
ADP 1.5 mmol-l-I 
Enzyme: Glutamate clehydrogenase (GLDH) 755 U-ml 
Procedure: 
1.500 VI of the reagent solution was added to 100 VI aliquots of samples or 
standards* in aI ml disposable cuvette (light path: I cm). 2-4 reagent blanks were 
used for every assay (600 VI of the reagent solution in each cuvette). 
2. The contents of each cuvette were mixed well upon addition of the reagent 
solution and were incubated at room temperature for 10 min. 
3. After the 10 min of incubation the initial absorbance (AI) of samples, blanks and 
standards was read at 340 nm (N. B. absorbance decrease). 
4. After the absorbance was read, 4 VI of enzyme (GLDH) was added to each 
cuvette with a positive displacement pipette, the contents of each cuvette were 
mixed well and incubated for 10 min. 
5. After the 10 min of incubation the absorbance of samples, blanks and standards 
was read again (A2). 
6. Steps 4 and 5 were repeated, and a final absorbance of samples, blanks and 
standards was read (A3). 
* To control accuracy and precicion of ammonia determinations, a set of 3 standards (58.8 pmol-1-1, 
117.6 gmol-1-1 and'176.5 pmol-1-1) was used (Preciset@ Ammonia, Cat. No. 166 570) 
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Cuvettes were sealed during incubations with a plastic cap. 
The concentration of ammonia in the sample was calculated using the extinction 
coefficient for NADPH, as follows: 
(A I -A2) - (A2-A3) = DABLANK or DASAMPLE / STANDARD 
Concentration (Vmol -1- 1): 959 x (DASAMPLE / STANDARD - DABLANK) 
Standards were used only to check the assay. 
-211- 
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Spectrophotometric determination of blood glucose r6lo nml 
Principle: 
GOD 
Glucose + 02 + H20 No Gluconate + H20 
H202 + ABTS@ 
POD 
lop Coloured complex + H20 
(ABTS@ = di-ammonium 2,2'-azino-bis(3-ethylbenzenothiazoline-6-sulfonate) 
Reagents: The Boehringer Mannheim GOD-Perid method and Test- 
Combination kit was used (Cat. No. 124 036). 
Initial concentrations of solutions: 
Standard: glucose 0.505 mmol. l" 
Reagent solution: phosphate buffer 100 mmol-1-1, pH 8.6 
ABTS@ 1.0 mg. ml-1 
Enzyme: GOD IOU-ml-1. 
POD 0.8 U-ml -1 
Procedure: 
1. Samples were thawed at room temperature for 60 minutes, mixed thoroughly 
and then centrifuged at 13000 revs. min-' for 3 minutes. 
2.1 ml of reaction mixture was added to 20 V1 aliquots of duplicate samples and to 
standards. (Tubes were mixed well). 
3. After 30 min incubation at room temperature the absorbance (A) of the samples 
and standards was read at 610 nrn on a spectrophotometer (Digital Grating 
Spectrophotometer Series 2, Model CE393, Cecil. Instruments Ltd, Cambridge, 
U. K. ) 
4. The gucose concentration (C) was calculated using the following equation: 
C=5.55 * (Asample / Astandard) mm0l. l*' 
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Fluorimetric assay for the determination of blood lactate (modified from 
Maughan. 1982) 
Principle: NAD+ NADH + H+ 
dehydrogenase 
) fn Lactate 1 Pyruvat.; 
I 
Reagents: 
Buffer: Hydrazine 1.1 mol-1-1, pH 9.0 with I mmol-l-I EDTA-Na2 
Cofactor: NAD 
Enzyme: lactate dehydrogenase (LDH) 5500 U-ml-I (undiluted) 
Standard: L-Lactate I mol-1-1 (stock solution) 
Diluent: 0.07 mol-l-I HCI 
Stock standards were prepared before each study and stored at -20 *C: 
L-Lactate I mol-l-I (pl) 0 20 40 50 80 100 120 150 200 
0.4 mol-l-I perchloric acid (ml) 10 9.98 9.96 9.95 9.92 9.90 9.88 9.85 9.80 
Lactate concentration (mmol. 1-1) 02458 10 12 15 20 
Working standards were prepared by diluting 20 pl of each of the above standards 
into 200 pl of 0.4 mol -1-1 (-2.5%) perchloric acid. 
Reaction mixture (final concentration): 
Buffer I ml 
NAD 2 mg (2.98 mmol-1-1) 
LDH 10 pl (54.46 U -ml-I 
Quality Control: 
A Iyophilised protein matrix containing -2.5 mmol. l-' lactate was used as a quality 
control in the assay. After reconstitution (by adding 5 ml of deionized water) the 
quality control solution was diluted 1: 10 with 0.4 mol. 1- 1 (2.5 %) perchloric acid. 
Procedure: 
1. Samples and quality controls were thawed at room temperature for 60 minutes, 
mixed thoroughly and then centrifuged at 13000 revs. min' for 3 minutes, 
2.200 VI of reaction mixture was added to 20 pl aliquots of duplicate samples, 
perchloric acid blanks, standards and quality controls. (Tubes were mixed well). 
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3. After 30 min incubation at room temperature, I ml of diluent (0.07 mol-l-I HCI) 
was added, the contents were mixed and fluorescence was read. Lactate 
concentration was calculated from the standard curve. 
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Enzymatic colourimetric-determination of non-esterified fatty acid concentration 
Principle: 
Non-esterified free fatty acids concentrations were measured using an enzymatic 
colourimetric procedure on an automated centrifugal analyser (Cobas Bio, Roche 
Diagnostic Systems, Welwyn Garden City, U. K. ), and a commercially available kit 
(NEFA C ACS-ACOD Method, Wako Chemicals GrnbH, Germany). 
RCOOH (NEFA) + ATP + CoA 
acyl-CoA synthetase 
lop- . acyl-CoA + AMP + PPi 
acyl-CoA + 02 
acyl-CoA oxidase 
pip I 2,3-trans-enoyl-CoA + H202 
2H202 + MEHA + 4-aminoantipyrine 
peroxidase 
Imp. quinoneimine dye + 4H20 
ATP = adenosine triphosphate; CoA = coenzyme A; AMP = adenosine monophosphate; 
PPi = pyrophosphate; MEHA = 3-methyl-N-ethyl-N-(P-hydroxyethyl)-aniline 
Reagents: 
Colour Reagent A: 
Diluent for Colour Reagent A 
acyl-CoA synthetase 
Ascorbate oxidase 
coenzyme A 
ATP 
4-aminoantipyrine 
Phosphate buffer 
Magnesium chloride 3 mmol. l-' 
Surfactent 
Stabilisers 
0.3 U. ml-' 
3 U. ml-' 
0.7 mg. ml-' 
3 mg. ml-' 
0.3 mg. ml"' 
0.05 moll", pH 6.9 
Colour Reagent B: acyl-CoA oxidase 17.6 U. ml-' 
Peroxidase 20 U. ml-' 
Diluent for Colour Reagent A MEHA 1.2 mmol. l-' 
Surfactent 
Standards: 
A 1.0 mmol. l" oleic acid standard was provided with the kit. Prior to analysing 
samples a calibration curve was produced from assaying the standard and a reagent 
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blank. A calculation factor based on the curve was used to establish the final 
concentrations of the samples. 
Quality Control: 
A Iyophilized, animal, serum-based quality control (SeronorMTm Lipid, Nycomed 
Pharma AS, Norway) was used. 
Procedure: 
1. Plasma samples and quality controls were thawed at room temperature for 60 
minutes. 
2. Sample and quality controls were gently mixed 
3.100 pl of sample or quality control was pipetted into the cups of the sample disc 
from the automated analyser. The disc was then placed in the analyser's 
turntable. 
4.10 VI of sample or quality control was collected form the sample cups and 
placed into cuvettes in the analyser's rotor chamber. 
5.100 pl of reagent solution A was added to each cuvette. Sample and reagent 
were mixed thoroughly and then allowed to incubate at 37 T for 10 minutes. 
6. The absorbance of each sample was then read (550 nm) and noted by the 
analyser. 
7.75 VI of reagent solution B was added to each cuvette. Sample and reagent were 
mixed thoroughly. Thirty seconds later absorbance was established and on 
subsequently every 60 s for 5 minutes. 
8. The sample and quality control concentration were determined by the analyser 
using a calculation factor based on analysis of the standard and the absorbance 
readings during the reaction. 
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Solid-phase 125 1 radioimmunoassay for the determination of serum-insulin 
concentration 
Principle: 
"'Mabelled insulin and the insulin within the subjects serum sample compete for sites 
on the insulin-specific antibody bound to the wall of the polypropylene tube. Once 
incubated, simply removing the supernatant allows isolation of the antibody-bound 
fraction. The radioactivity in the tube is then established using a gamma counter, and 
the insulin concentration present in the subject sample is inversely related to the 
counts. The exact concentration is determined using a standard curve. 
Reagents: 
A commercially available kit (Coat-A-Count 'Insulin', EURO / DPC Ltd., 
Caernarfon, U. K. ) was used to perform the assay. It contained the required tubes, 
calibrators, and a concentrate of iodinated insulin. An automated gamma counter 
(Cobra II, Packard Instrument Company Inc., U. S. A. ) was used to quantify the 
radioactivity. 
Standards: 
Lyophilized calibrators in processed human serum were provided with the commercial 
kit, in concentrations of 0,5,15,50,100,200,400 pIU. mi-I. 
Quality Control: 
A human serum-based quality control (CON6, EURO/DPC Ltd., Caernarfon, U. K. ) 
was used at three concentrations: 11.4±1.42,35.4±3.41,97±6.4 pIU. ml` [mean±SD]. 
Procedure: 
1. Serum samples and quality controls were thawed at room temperature for 60 
minutes, and mixed thoroughly. 
2. Four plain (uncoated) polypropylene tubes were marked with aT or USB. 
Fourteen antibody-coated tubes were labelled A-G in duplicate for the kit 
calibrators, and the required number of antibody-coated tubes for serum samples 
were labelled appropriately. 
1 200 pI of the zero calibrator was placed into the bottom of the NSB marked 
tubes. 
4.200 [d of each calibrator, quality control and serum sample was pipetted into the 
bottom of an antibody-coated tube. 
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5.1.0 ml of iodinated insulin was then added to each tube (T, NSB, calibrators, 
quality controls and samples). The time between the dispensing of the 200 PI 
and the 1.0 ml was less than 40 minutes. 
6. All tubes were thoroughly vortexed and incubated for 18 - 24 hours. 
7. At the end of the incubation period, the iodine solution was poured from each 
tube (except the 'T' tubes). Every effort was made to remove all the moisture 
from a tube by striking it sharply on absorbent paper for 2-3 minutes. 
8. The radioactivity present in each tube was then established using an automated 
gamma counter. 
9. A logit-log representation of the calibration curve, and a computer programme 
within the gamma counting system, was used to determine the actual insulin 
concentration of the samples and quality controls. 
I 
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Muscle Metabolite Assays 
I 
(After G. C. Bogdanis "Recovery of Power Output and Muscle Metabolism 
following Maximal Sprint Cycling in Humans" Ph. D. Thesis, 1994) 
Ade 
Principle: 
P-Creatine + ADP 
NADP+ NADPH +H+ 
I glucose -6-P dehydrogenase 
creatine kinase II 
ATP + gluco eI 
hexokinase j 
ADP + glucose-6-P 
Glucose -6-P 
Buffer: 
Cofactor: 
Enzymes*: 
Reagents: 
creatine + ATP 
6-P-gluconolactone 
Tris-HCI 50 rnmol-1-1, pH 8.1 with 0.02% Bovine Serum 
Albumin (BSA) 
NADP 5 mmol-l-I 
G6P-DH 14 U-ml-1; HK 28 U-ml-1; CK 1260 U-ml-I 
ADP 10 mmol-1-1; Glucose 10 mmol-1-1; Dithiothreitol 
(DTT) 50 mmol-1-1; MgC12 100 MMOI'l-1 
Standards: ATP 2 mmol-1-1; PCr 2 mmol-l-I 
Diluent: Carbonate buffer 20 mmol-1-1, pH 10.0 
Working standards were prepared daily as follows: 
ATP 2 mmol-l-I (pl) 0 25 50 100 150 200 
double distilled water (pl) 2000 1975 1950 1900 1850 1800 
ATP concentration ([tmol. 1-1) 0 25 50 100 150 200 
PCr concentration (Vmol. 1-1) 200 
* enzymes were diluted using Tris-HCI 20 mmol-1-1, pH 8.1 with 0.02% BSA, G6P-DH, glucose-6-P 
dehydrogenase; HK, hexokinase; CK, creatine kinase 
I 
I 
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Reaction mixture was prepared immediately prior to analysis for 3 sets of duplicate 
samples and quadruplicate double distilled water blanks, and a set of quadruplicate 
standards. 
Reaction mixture (final concentrations): 
Buffer I ml 
NADP 10 VI (0.046 mmol-1-1) DTT 10 pl (0.457 mmol-1-1) 
ADP 10 PI (0.091 mmol-1-1) MgC12 50 pl (4.566 mmol-1-1) 
Glucose 10 PI (0.091 mmol-1-1) G6P-DH 5 PI (0.064 U-ml-1) 
Procedure: 
1.20 pl of extract was pipetted into a fluorimeter tube and diluted with 100 pl of 
double-distilled water (1: 6 dilution). 10 VI aliquots of the diluted extract were 
pipetted into 6 fluorimeter tubes resulting in 3 sets of duplicate samples. Three 
sets of double distilled water blanks and I set of standards were also pipetted (10 
pl aliquots). 
2.200 pl of the above reaction mixture was added to one set of tubes and blanks 
(G6P determination; STEP 1). 
3.5 pl of HK (0.127 U-ml-1) was added per ml of remaining reaction mixture and 
200 pl of this reaction mixture was then added to the second set of tubes, blanks 
and ATP standards (ATP+ G6P determination; STEP 2). 
4.10 pl of CK (11.351 U-ml-1) was added per ml of remaining reaction mixture and 
200 pl of this reaction mixture was then added to the third set of tubes and blanks 
(ATP+ G6P + PCr determination; STEP 3). 
Furthermore, I ml of this reaction mixture was added to 50 pl of 200 pmol-l-I 
PCr standard and the reaction was followed in the fluorimeter and recorded on a 
chart recorder, to ensure that the reaction had reached completion. 
5. After incubating for 30-40 min at room temperature (reaction completed), I ml of 
carbonate buffer was added to each tube using a Hamilton automatic dispenser 
(Hamilton microlab 1000; Switzerland), and after thorough mixing fluorescence 
was read. 
For ATP determination: The relative fluorescencet of G6P (STEP 1) was 
subtracted from the relative fluorescence of ATP+G6P (STEP 2). 
For PCr determination: The relative fluorescencet of ATP+G6P (STEP 2) was 
subtracted from the relative fluorescence of ATP+G6P+PCr (STEP 3). 
relative fluorescence = (sample fluorescence - respective blank fluorescence) 
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The concentrations of ATP and PCr were determined using simple linear 
regression analysis of the standard concentrations (ATP) on fluorescence 
readings. Concentrations were corrected for dilutions during the extraction 
procedure and the 1: 6 dilution during this assay- 
Concentration (mmol -kg dry muscle- 1): regression value x 0.125 x6 
I 
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I 
Creatine 
Principle: 
Creatine + ATP 
creatine 
. 
kinase 
) P-Creatine + ADP 
ADP + P-pyruvate 
pyruvate kinase 
-1 
NADH+ H+ NAD+ 
I 
ATP + pyruvate 
Pyruvate I 1-m. -t-afn AahwArnag, "nep 
ýI lactate 
LU%LaL, ta'aSJ aa JSSAWJ% I 
i 
Buffer: 
Cofactor: 
Enzymes*: 
Reagents: 
100 mmol-1-1. 
Standards: 
Diluent: 
Imidazole-HCI 50 mmol-1-1, pH 7.5 
NADH (grade I) I mmol-l-I 
CK 1260 U-ml-1; PK 75 U-ml-1; LDH 240 U-ml-I 
ATP 10 mmol-1-1; phosphoenol pyruvate (PEP) 
2 MMOI-1-1; MgC12 100 mmol-1-1; KCI 3 mol-1-1; EDTA-Na2 
Creatine 2 mmol-l-I 
Carbonate buffer 20 mmol . 1-1, pH 10.0 
Working standards were prepared daily as follows: 
Creatine 2 mmol-l-I (pl) 0 50 100 150 
double distilled water (pl) 2000 1950 1900 1850 
Creatine concentration (pmol. 1-1) 0 50 100 150 
Reaction mixture was prepared immediately prior to analysis for 2 sets of duplicate 
samples and quadruplicate double distilled water blanks, and a set of quadruplicate 
standards. 
enzymes were diluted using Tris-HCI 20 mmol-1-1, pH 8.1 with 0.02% BSA 
CK, creatine kinase; PK, pyruvate kinase; LDH, lactate dehydrogenase 
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Reaction mixture (final concentrations): 
Buffer I ml 
MgC12 50 PI (4.413 mmol-14) PEP 25 pl (44 pmol . 1-1) 
KCI 10 PI (26.478 mmol-1-1) EDTA-Na2 I PI (88 pmol . 1-1) 
ATP 20 pl (0.177 mmol-1-1) LDH 2 pl (0.424 U-ml-1) 
NADH 15 PI (13 pmol . 1-1) PK 10 PI (0.662 U-ml-1) 
Procedure: 
1.20 [d of extract was pipetted into a fluorimeter tube and diluted with 100 VI of 
double-distilled water (1: 6 dilution). 10 pl aliquots of the diluted extract were 
pipetted into 4 fluorimeter tubes resulting in 2 sets of duplicate samples. Two sets 
of double distilled water blanks and I set of standards were also pipetted (10 VI 
aliquots). - 
2.200 VI of the above reaction mixture was added to one set of tubes and blanks 
(ADP+pyruvate determination; STEP 1). 
3.10 VI of CK (11.024 U -ml-1) was added per ml of remaining reaction mixture and 
200 pl of this reaction mixture was then added to the second set of tubes, blanks 
and Creatine standards (Creatine+ADP+pyruvate determination; STEP 2). 
Furthermore, I ml of this reaction mixture was added to 50 VI of 150 pmol-l-I 
Creatine standard and the reaction was followed in the fluorimeter and recorded 
on a chart recorder, to ensure that the reaction had reached completion. 
4. After incubating for 50-60 min at room temperature (reaction completed), I ml of 
carbonate buffer was added to each tube using a Hamilton automatic dispenser, 
and after thorough mixing fluorescence was read. 
For Creating determination: The relative fluorescencet of ADP+pyruvate (STEP 
1) was subtracted from the relative fluorescence of Creatine+ADP+py ruv ate 
(STEP 2). 
The concentration of Creatine was determined using simple linear regression 
analysis of the standard concentrations (Creatine) on fluorescence readings. 
Concentrations were corrected for dilutions during the extraction procedure and 
the 1: 6 dilution during this assay: 
Concentration (mmol-kg dry muscle-1): regression value x 0.125 x6 
t relative fluorescence = (respective blank fluorescence - sample fluorescence) 
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Glycogen 
Glycogen was determined on both the acid precipitated muscle pellet (acid insoluble 
glycogen fraction) and the neutralised extract (acid soluble glycogen fraction) by 
measuring the glucosyl units obtained after acid (HCI) hydrolysis of glycogen 
(Jansson, 198 1). 
Total muscle glycogen was defined as the sum of these two fractions, minus the 
glucose and G6P present in the neutralised extract. 
Acid Hydrolysis: 
Reagents: HCI I mol-1-1; NaOH 6 mol-l-I 
Procedure: 
1.100 [d of I mol . 1-1 HCI for each mg of muscle powder was added to the muscle 
pellet left in the bottom of each tube after the extraction procedure (in a screw-top 
eppendorf tube). 
2.100 pi of I mol -1-1 HCI was also added to 20 pl of undiluted neutralised extract 
from the same sample (in a screw-top eppendorf tube). 
3. The eppendorf tubes were tightly sealed and then were gently mixed and boiled 
for 2 hours in a water bath. The tubes were then centrifuged for 3 min and left at 
room temperature to cool down. 
The acid hydrolysed extract only was neutralised with 15 [il of 6 mol -1-1 NaOH. 
Acid insoluble glycogen was assayed spectrophotometrically using a Glucose Test 
Combination (GOD/Perid method). Acid soluble glycogen was assayed 
fluorimetrically for the glucosyl units (glucose) produced. 
Glucose + 02 + H20 I- 
oxidase 
.1 gluconate + H202 
Principle: 
Acid insoluble glycogen (hydrolysed muscle pellet) 
H202 + ABTS 
I__ horseradish peroxidase )1 coloured complex+ H20 
where: 
ABTS = di-ammonium 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonate) 
I 
I 
I 
I 
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The intensity of the colour change is directly proportional to the concentration of 
glucose, and can be measured as differences in absorbance on a spectrophotometer. 
Therefore, the glucose concentration of a sample can be calculated by using the 
standard of known concentration provided with the analysis kit. 
Reagents: GOD/Perid reagent containing: 
phosphate buffer 100 mmol-1-1, pH 7.0 
horseradish peroxidase (POD) 0.8 U-ml-1; 
glucose oxidase (GOD) 10 U-ml-1; ABTS 1.0 mg-ml-1. 
Reagent was stored in a dark bottle at 4'C. 
Standard: Glucose 0.505 mmol-l-I 
Procedure: 
1. lOpI aliquots from the hydrolysed supernatant (from the muscle pellet) were 
pipetted in triplicate into fluorimetric tubes. Five standards and five double- 
distilled water blanks were also pipetted (IOVI aliquots). 
2.2 ml of GOD/Perid reagent were added to each cuvette using a Hamilton 
automatic dispenser. 
3. Following 30 min of incubation at room temperature, the absorbance (A) of 
samples and standards was measured against the distilled water blanks at 436 nm. 
Acid insoluble glycogen concentration (mmol glucosyl units-kg dry muscle-1) was 
calculated as follows: 
A sample 
x 50.5 A standard 
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ATP + glucose I __ 
ase ýI ADP + glucose-6-P 
NADP+ NADPH +H+ 
I 
iydrolysed muscle extract) 
principle: 
Glucose -6-P glucose -6-P dehydrogenase 
6-P-gluconolactone 
Buffer: Tris-HCI 100 mmol-1-1, pH 8.1 with 0.02% Bovine Serum 
Albumin (BSA) 
Cofactor: NADP 5 mmol-l-I 
Enzymes*: G6P-DH 7 U-mI-1; HK 28 U-ml-I 
Reagents: ATP 200 mmol-1-1; Dithiothreitol (DTT) 50 mmol-1-1; 
MgC12 100 mmol-1-1; EDTA-Na2 100 mmol-l-I 
Standard: Glucose 0.505 mmol-l-I 
Diluent: Carbonate buffer 20 mmol + 1, pH 10.0 
Working standards were prepared daily as follows: 
Glucose 0.505 mmol-l-I (pl) 0 20 50 100 
double distilled water (pl) 505 485 455 405 
Glucose concentration (Vmol. 1 0 20 50 100 
Reaction mixture was prepared immediately prior to analysis for 2 sets of duplicate 
samples and quadruplicate double distilled water blanks, and a set of quadruplicate 
standards. 
enzymes were diluted using Tris-HCI 20 mmol-1-1, pH 8.1 with 0.02% BSA 
G6p-DH, glucose-6-P dehydrogenase; HK, hexokinase 
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Reaction mixture (Cmal concentrations): 
Buffer I MI 
NADP 6 pl (29 jimol + 1) EDTA-Na2 5 VI (0.483 mmol-1-1) 
ATP 1.5 PI (0.29 mmol-1-1) DTT 10 pl (0.483 mmol-1-1) 
M902 10 PI (0.966 mmol-1-1) G6P-DH 3 PI (0.02 U-ml-1) 
Procedure: 
1.20 VI of neutralised hydrolysed extract was 
' 
pipetted into 2 sets of duplicate 
samples. Two sets of double distilled water blanks and I set of standards were 
also pipetted (20 pI aliquots). 
2.200 pl of the above reaction mixture was added to one set of samples and blanks 
(G6P determination; STEP 1). 
3.5 pl of HK (0.135 U-ml-1) was added per ml of remaining reaction mixture and 
200 pl of this reaction mixture was then added to the second set of samples, 
blanks and Glucose standards (Glucose+G6P determination; STEP 2). 
-Furthermore, 1 ml of this reaction mixture was added to 50 pl of 100 pmol-1-1 
Glucose standard and the reaction was followed in the fluorimeter and recorded 
on a chart recorder, to ensure that the reaction had reached completion. 
4. After incubating for 30 min at room temperature (reaction completed), I ml of 
carbonate buffer was added to each tube using a Hamilton automatic dispenser, 
and after thorough mixing fluorescence was read. 
Acid soluble glycogen -determination: 
The relative fluorescencef of G6P (STEP 
1) was subtracted from the relative fluorescence of Glucose+G6P (STEP 2). 
The concentrations of Glycogen (glucosyl units) and G6P were determined using 
simple linear regression analysis of the standard concentrations (Glucose) on 
fluorescence readings. Concentrations were corrected for dilutions during the 
extraction procedure and acid hydrolysis. 
Acid soluble glycogen concentration (mmol glucosyl units-kg dry 
muscle-1) was calculated as follows: regression value x 0.125 x 6.75 
Muscle free glucose, obtained from another assay, was subtracted from the results to 
give the true acid-soluble glycogen concentration. G6P was not obtained from this 
assay, but was determined separately. 
Free glucose and G6P can be determined using the above assay on undiluted muscle 
perchloric acid extract. 
relative fluorescence = (sample fluorescence - respective blank fluorescence) 
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_Lactate 
Principle: 
llll-ý 
Lactate I 
dehydrogenase 
) Pyruvate 
i 
Reagents: 
Buffer: 
Cofactor: 
Enzyme: 
Standard: 
Diluent: 
NAD+ NADH + H+ 
Hydrazine 1.1 mol-1-1, pH 9.0 with I mmol-l-I EDTA-Na2 
NAD 50 mmol-l-I 
lactate dehydrogenase (LDH) 5500 U-ml-I (undiluted) 
L-Lactate 2 mmol-l-I 
Carbonate buffer 20 mmol-1-1, pH 10.0 
Working standards were prepared daily as follows: 
L-Lactate 2 mmol-l-I (pl) 0 50 75 100 150 400 750 1200 
double distilled water (pl) 2000 1950 1925 1900 1850 1600 1250 800 
La- Concentration (pmol. 1-1) 0 50 75 100 150 400 750 1200 
Reaction mixture was prepared immediately prior to analysis for I set of duplicate 
samples and quadruplicate double distilled water blanks, and a set of quadruplicate 
standards. 
Reaction mixture (final concentration): 
Buffer I ml 
NAD 10 pl (0-491 mmol-1-1) 
LDH 8 VI (43.22 U -ml- I) 
Procedure: 
1.10 pI aliquots of the undiluted extract were pipetted into a set of duplicate 
fluorimeter tubes. A set of double distilled water blanks and I set of standardE 
were also pipetted (10 pI aliquots). 
2.200 pl of the above reaction mixture was added to each tube (mix well) 
Furthermore, I ml of the reaction mixture was added to 50 pl of 1200 pmol. 1-1 
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lactate standard and the reaction was followed in the fluorimeter and recorded on 
a chart recorder, until it reached completion. 
3. After incubating for 30-40 min at room temperature (reaction completed), I ml of 
carbonate buffer was added to each tube using a Hamilton automatic dispenser, 
and after thorough mixing, fluorescence was read. 
The concentration of lactate was determined using simple linear regression 
analysis of the standard concentrations (lactate) on fluorescence readings. 
Since the changes in concentration of lactate during sprinting are several fold, 
separate standard concentrations were used for resting and post - exercise 
samples 
Resting samples: 0,50,75,100,150 pmol -1-1 and post - exercise samples: 0,50, 
150,400,750,1200 pmol - I- I 
Concentrations were corrected for dilution during the extraction procedure 
Concentration (mmol -kg dry muscle- 1): regression value x 0.125 
t 
I 
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General points 
All assays were carried out in aI ml semi-micro cuvette at 340 nm, reading against 
air, and were followed to completion on a chart recorder. The concentration of the 
standard was calculated using the following equation: 
Vc x DA ECI - Va x 6.22 (1) 
where: 
[C] = the concentration of the standard (mmol-1-1) 
Vc = the final cuvette volume (ml) 
Va = the volume of standard added (ml) 
DA= change in absorbance = 
linitial absorbance Al - final absorbance A21 -labsorbance of enzymel 
(vertcal lines denote absolute differences) 
6.22 = the mmolar extinction coefficient for NADH/NADPH at 340 nm 
* in a disappearance assay (when absorbance decreases during reaction), the 
absorbance of the enzyme is: 
subtracted from the sample absorbance if addition of enzyme decreases 
absorbance, and is 
added to the sample absorbance if addition of enzyme increases absorbance. 
In a normal assay (when absorbance increases during reaction), the 
absorbance of the enzyme is: 
added to the sample absorbance if addition of enzyme decreases absorbance, 
and is 
subtracted from the sample absorbance if addition of enzyme increases 
absorbance. 
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Adenosine triphosphate (ATP) 
Principle: 
ATP + glucose 
ase ] 
NADP+ NADPH +H+ 
i 
Glucose -6-P glucose -6-P dehydrogenase 
ADP + glucose-6-P 
6-P-gluconolactone 
Buffer: Tris-HCI 50 mmol-1-1, pH 8.1 with 0.02% Bovine Serum 
Albumin (BSA) 
Cofactor: NADP 50 mmol-l-I 
Enzymes*: G6P-DH 7 U-ml-1; HK 28 U-ml-I 
Reagents: Glucose 100 mmol-1-1; MgC12 100 mmol*1-1; Dithiothreitol 
(DTT) 50 mmol-l-I 
Standards: ATP 2 mmol-l-I 
Reaction mixture (final concentrations): 
Buffer 1 MI 
NADP 10 PI (0.459 mmol-1-1) Mgql2 50 pl (4.587 mmol-1-1) 
Glucose 10 PI (0.917 mmol-1-1) G6P-DH 10 pl (0.064 U-ml-1) 
DTT 10 PI (0.459 mmol-1-1) 
Procedure: 
1.1 ml of the above reaction mixture was added to 20 VI of 2 mmol-l-I ATP 
standard. Al was then read. 10 pI of HK (0.272 U-ml-1) were then added, the 
contents of the cuvette were mixed well and the reaction was followed to 
completion (4-6 min). A2 was then read. Further 10 pl of HK were then added 
and absorbance was read again (A3) after the contents of the cuvette were mixed 
well. This was to determine the absorbance of the enzyme (AENZYME = IA2 - A31 
The concentration of standard was calculated using the formula (1) described. 
enzymes were diluted using Tris-HCI 20 mmol-1-1, pH 8.1 with 0.02% BSA 
G6P-DH, glucose-6-P dehydrogenase; HK, hexokinase 
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Phosphocreatine (PCO 
Principle: 
P-Creatine + ADP 
I 
creatine kinase 
creatine + ATP 
ATP + glucose ADP + glucose-6-P 
NADP+ NADPH +H+ 
Glucose -6-P glucose -6-P dehydrogenase 
6-P-gluconolactone . 
Buffer: Tris-HCI 50 mmol-1-1, pH 8.1 with 0.02% Bovine Serum 
Albumin (BSA) 
Cofactor: NADP 50 mmol-l-I 
Enzymes*: G6P-DH 7 U-ml-1; HK 28 U-ml-1; CK 1290 U-ml-I 
Reagents: Glucose 100 MMOI*1-1; M902 100 mmol-1-1; Dithiothreitol 
(DTT) 50 mmol-1-1; ADP 50 mmol-l-I 
Standards: PCr 2 mmol-l-I 
i 
Reaction mixture (final concentrations): 
Buffer I MI 
NADP 10 VI (0.450 mmol-1-1) M902 50 pl (4.505 mmol-1-1) 
Glucose 10 PI (0.901 MMOITI) ADP 10 pl (0.450 mmol-1-1) 
DTT 10 PI (0.450 mmol-1-1) G6P-DH 10 pl (0.063 U-ml-1) 
HK 10 PI (0.252 U-ml-1) 
Procedure: 
I ml of the above reaction mixture was added to 20 pl of 2 mmol-l-I PCr 
standard. Al was then read. 10 pl of CK (12.524 U-ml-1) were then added, the 
contents of the cuvette were mixed well and the reaction was followed to 
enzymes were diluted using Tris-HCI 20 mmol-1-1, pH 8.1 with 0.02% BSA 
G6P-DH, glucose-6-P dehydrogenase; HK, hexokinase; CK, creatine kinase 
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completion (10-12 min). A2 was then read. Further 10 pl of CK were'then added 
and absorbance was read again (A3) after the contents of the cuvette were mixed 
well. This was to deten-nine the absorbance of the enzyme (AENZYME = IA2 - A31 
The concentration of standard was calculated using the formula (1) described. 
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Principle: 
Creatine + ATP I 
kinase 
)I P-Creatine+ADP 
ADP + P-pyruvate 
pyruvate kinase 
NADH+ H+ NAD+ 
ý11ý 
I 
Pyruvate I lactate dehydrogenase 
11 
ATP + pyruvate 
lactate 
Buffer: Imidazole-HCI 50 mmol-1-1, pH 7.5 
Cofactor: NADH (grade 1) 5 mmol-l-I 
Enzymes*: CK 1260 U-ml-1; PK 75 U-ml-1; LDH 50 U-ml-I 
Reagents: ATP 100 mmol-1-1; phosphoenol pyruvate (PEP) 
30 mmol-1-1; MgC12 100 mmol-1-1; KCI 3 mol-1-1; 
Standards: Creatine 2 mmol-l-I 
Reaction mixture (final concentrations): 
Buffer I MI 
MgC12 50 PI (4.523 mmol-1-1) PEP 6.5pl (0.176mmol-1-1) 
KCI 10 PI (27.137 mmol-1-1) LDH 4 pI (0.181 U-ml-1) 
ATP 10 PI (0.905 mmol-1-1) PK 10 VI (0.678 U-ml-1) 
NADH 15 PI (0.068 mmol-1-1) 
Procedure: 
1.1 ml of the above reaction mixture was added to 20 pl of 2 mmol -I-, Creatine 
standard. A, was then read. 10 gl of CK (12.233 U-ml-1) were then added, the 
contents of the cuvette were mixed well and the reaction was followed to 
completion (10-30 min). A2 was then read. Further 10 pl of CK were then added 
enzymes were diluted using Tris-HCI 20 mmol-1-1, pH 8.1 with 0.02% BSA CK, creatine kinase; PK, pyruvate kinase; LDH, lactate dehydrogenase 
Appendix C 
and absorbance was read again (A3) after the contents of the cuvette were mixed 
well. This was to determine the absorbance of the enzyme (AENZYME = IA2 - A31 
The concentration of standard was calculated using the formula (1) described. 
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Principle: NAD+ NADH + H+ 
Lactate 
lactate dehydrogenase 
)I *n 
I 
Pyruvate 
Reagents: 
Buffer: 
Cofactor: 
Enzyme: 
Standard: 
Hydrazine 1.1 mol-1-1, pH 9.0 with I mmol-l-I EDTA-Na2 
NAD 50 mmol-l-I 
lactate dehydrogenase (LDH) 5500 U-ml-I (undiluted) 
L-Lactate 2 mmol-l-I 
Reaction mixture (final concentration): 
Buffer I ml 
NAD 40 pI (1.923 mmol-1-1) 
Procedure: 
1.1 ml of the above reaction mixture was added to 20 ill of 2 mmol-l-I lactate 
standard. A, was then read. 5 VI of LDH (27.363 U-ml-1) were then added, the 
contents of the cuvette were mixed well and the reaction was followed to 
completion (20-30 min). A2 was then read. Further 5 pI of LDH were then added 
and absorbance was read again (A3) after the contents of the cuvette were mixed 
well. This was to determine the absorbance of the enzyme (AENZYME `I A2 - A31 )- 
The concentration of standard was calculated using the formula (1) described. 
